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ABSTRACT

This report describes the digital simulation of under-
water inspection vehicles. The dynamics and kinematics of
the underwater vehicles have been studied in terms of the
differential equations which can present the three dimensicnal
motion of the vehicle (rotational and translational motion).
In order to bring the motion of the vehicle under the con£r01
of the operator in a supervisory fashion, several control
algorithms have been described. The digital dynamic models
of two underwater vehicles ALVIN (Woods Hole Oceanographic
Institution) and RCV150 (Hydro Products) have been used to
simulate the control algorithms in performing some complicated
tasks such as bottom-following. The results are shown in

terms of computer graphic pictures.
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INTRODUCTION

l.1- UNDERWATER OPERATICNS

The world’s ocean covers approximately 70 percent of
the globe. As a promising resource supplier, the ocean is
being explored. The number of underwater structures is
being increased rapldly with the help of ocean technology.

Inspection of underwater and offshore gtructuresils mnow
performed by human divers, manned and unmanned submersibles.
Usually most underwater operations include:

1) Exploration

2) Inspection

3) Construction

4) Maintenance

5)'Réscue capability

As an undersea performer the diver’s advantage is
maneuverability, tactile sensing and cognition, but
divers afe losing their economic advantage because of the
necessity of blood gas decompression and redundant back-up
systems for their safety. Further ,the diver’s working
depth 1s at most 1000 feet even with thé most advanced
support systems. Undersea life support equipments for
divers become increasingly expensive and personal safety

becomes more and more difficult to maintain. Limited work



time 1s another disadvantage associated with human divers.
These problems and disadvantages suggest a variety‘of manned
and unmanned submarines. Manned submarines are massive and
expensive because of need for space for a pilot. The huge
size of the manned undérwater vehicle decreases the
maneuverability of the vehicle. On the other hand the
presence of a pilot or an observer in the vehicle has some
advantages such as direct visual feedback.

Unmanned tethered vehicles are another group of
undersea vehicles that are used in underwater inspection
tasks. The restricted mobility caused by tether drag and
tangle has not been solved yet. A recent development in
undersea vehicles : is ;he remotely manned untethefed
submarine for inspection tasks.

The data communication between an unmanned wuntethered
submersible and an operatﬁr is conducted by a soﬁic link.
The speed of sound in water is approximately 1600 meters per
second, which means that an acoustic signal will take a delay
time of one second for every 1600 meters of depth. The low
bandwith of a sonic channel restricts transmittable
information. By a sonic 1link information is tranémitted
approximately 30k bits per second under good conditions,
much less under poor conditions. This means that a video
plcture composed of 128X128 points with 4 levels of gray
scale would take 2 seconds for the entire '"message" to be
received and assembled on the surface.
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1.2~ MANUAL CONTROL OF UNDERWATER VEHICLES

In the past undersea vehicles were controlled by direct
manual control. A human operator was always included in the
closed-loop system as a controller. Human operators are not
able to make decisions for different tasks in sufficient
time, in other words the human operator has an inherent
limitation (time delay) as a controller.

1f the feedback message from a submersible 1is poor
and/or the total control system has a significant time
delay, control will deteriorate easily. An unmanned
untethered inspection submersible comnunicating with an
operator through a sonic 1ink wmust be supported by an
on-line computer. Usually two computers, one on the_véhicle
and one on the control station: handle all communicatiocas,

display and control functioms.

1.3~ SUPERVISORY CONTROL OF UNDERWATER VEHICLES

In 1967 Ferrell and She;idan proposed. that a
man-computer: system based on the human
supervisor-subordinate relationship could be wused in deep
space to solve some of the control problems inveolving time
delay. Under supervisory control the human operator directs

the subordinate computer by planning the action and
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directions it should take, teaching it how to achieve the
desired functions, monitoring its performance, intervening
whenever it gets inﬁo trouble, and trusting it to accomplish
the tasks withoﬁt continuous.assistance.

Figure 1.1 shows the supervisory control concept
applied to the system which  has delay and a severely
restricted data'transmission rate. The remote computer is
the actual direct controller of the vehicle and the camera.
The local computer controls or monitors the remote computer.
The information transmitted poryeen them 1is modified and
condensed as much as possible. The operator’s control task
is simplified by the assistance of the local computer so
that the operator cdan concentrate on inspection tasks. ﬁow
the operator’s role is converted from a master-slave
controller to a "supervisor" of a semi-autonomous system.

-When‘the operator chooses an autoﬁatic control mode,
the remote computer takes care of the motion of the vehicle
and the camera. When the automatic control mode is no more
suitable (because of trouble or an irregular situation ),
the control mode is changed to the manual control -mode

automatically.
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2 OVERVIEW

The design of different <control algorithms for an
underwater vehicle requires an understanding of the dynamics
.of the vehicle and fts maneuverability. In order to perform
the following tasks in the lab , a combination of hardware
and software simulation has been set wup to analyze the
maneuverability of the vehicle:

1) Understanding the dynamic behavior of the underwater
vehicle

2) Analysis of the different model-based control
algorithns for the vehicle

3) Design of some supervisory control algorithms to
perform the complicated tasks such as following the bottom
of the ocean

4)'Analysis of sensitivity 6f the vehicle to different
unwanted disturbances such as reaction of the arm on the
vehicle and water turbulance

Figure 2.1 shows the simulation set upin theMan-Machine
System Lab at MIT. An electric wheeled vehicle equipped
with a T.V. camera is able to simulate the motion of the
underwater vehicle in the laboratory. A PDP 11/34 computer
takes care of all the software simulation. The digital
simulation of the underwater vehicle runs the wheeled

vehicle; therefore the camera on the vehicle moves the same



way that the underwater vehicle moves under the water.

A vector display terminal has been employed to show a
continuously moviﬁg three dimensional graphi;al simulation
of the underwater vehicle., The graphical simulation is 7rTun
with the dynamic simulation of the vehicle ( the same
software that runs the wheeled vehicle). The operator can
communicate with the computer via a terminal, a joystick and
some key knobs. All programs for dyn#mic simulation and
controllers are run in real time. |

In chapter three the dynamic behavior of the underwater
vehicle has been analyzed. A general set of differential
equations are derived to present the dynamics of thé
vehicles. By inserting different parameters into the
program, one can simulate different underwater vehicles.
Tight maneuverability of the vehicle and cross coupling
between states of the equation are important subjects which
are discussed in chapter three.

In chapter four a design procedure for the orientation
contfoller is studled. The orientation controller allows
the operator to orient the vehicle in any desired
orientation, as long as the vehicle is mechanically able to
perform the desired task. Three angles (pitch, 1roll and
yaw)are enough to specify the orientation of the vehicle.

Chapter five devotes itself to design of the positioh
controller, With the help of the position controller the

operator is able to position the vehicle relative to a
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stationary polnt. The position of the vehicle in three
dimensional space can be specified with the help of three
measurements. The operator assigns the coordinate of the
desired point (X,Y and 2) vrelative to his/her position
"(control station) using the position contrqller.

Ahottoﬁ following program is described in chapter six.
Bottom following 1is an example of a complicated task which
is perf&rmed by combining different controllers. This
algorithm allows the vehicle to follow a path in a vertical
plane within a specified margin close to the bottom of the
ocean.

In chapter seven a special purpose .autopilot is
designed for a mannéd submarine (ALVIN). The ALVIN’s
autopilot 1is able to follow different paths underwater at
a counstant range. In this algorithm the vehicle senses the
environment by sonars. Two sonars on the vehicle are able
to fetch the necessary data for the Dbottom following
algorithm. The algorithm 1is able to conskruct an
approximate mbdel of the environment for the purpose of
bottom following. Having the model of the path designed by
the software, the thrusters of the vehicle are driven
according to the decision made by the algorithm and
implemented via the servocontrollers.

Chapter eight contains all necessary data to simulate

RCV150 and ALVIN.
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3 MODELTING

3.1~ INTRODUCTION

This chapter addresses itself to modell ing of an
underwater vehicle in terms of the differential equations
which simulate the entire dynamic behavior of the vehicle.
The model can be used not only for analysis of the dynamic
behavior but also for controller design. Ags will Dbe
explained later the model has a high degree of coupling
between different motions of the vehicle. .

T™e model is applicable for most underwater vehicles.
By assigning different parameters to the model, 6ne can
simulate different underwater vehicles on a digital
computer . The simulation has been implemented in two
different modes:

1)} Digital simulation on VAX 11/782 for analysis of the
dynamic behavior of the vehicle; and

2) Digital real time simulation on PDP 11/34 .

3.2- COORDINATE SYSTEMS

An underwater vehicle is <capable of moving with Six

degrees of freedom of motion: translation along three
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orthogonal axes and rotation around each of the three axes.
Most underwater vehicles have at least one plane of
symmetry. Port and starboard have the same geometry and
represent reflections of each other in the centerline plane.
This symmetry in body shape can be observed in ships and
submarines. A coordinate system which takes advantage of
the plane of symmetry was chosen. |

Qur matheﬁatical model uses two orthogonal coordinate
systems: one remalns fixed at the waier surface while the
other travels with the vehicle to act as a local reference
system. The origin of the moving frame is located at the
center of mass of the vehicle. Figure 3.1 defines the axis
system chosen; ox and oy are fixed 1im the plane of
symmetry. The axes oriented by symmetry are  usually
parallel to the principal axes of inertia.

The x-axis 1s the longitudinal axis in the plane of
symmetry with positive forward and is the intersection of
the two planes of symmetry.

The y-axis is perpendicular to the plane of syammetry
with positive to starboard.

The z-axis is in the plane of symmetry, perpeﬁdicular
to the xy plane.

Then OXYZ is a fixed coordinate system with origin at
the surface of the sea.

X and Y are mutually perpendicular axes in the

horizontal surface of the sea.
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Z is an axis perpendicular to the gsurface with positive
direction downward.

Using the axes shown in figure 3.1 , one can specify E:
by quantities Xe,¥Yc,Zc :

— P - L
Re = XeoI +¥c.J +Zc.K

‘E:u.$+v.g+w.i is the vector 1linear velocity of the
body, where u,v,w are the components of the linear veloclity
along the x,y,z axes in the body, respectively.

-?;x.?+y.€+z.ﬁ is the location of a point within the

vehicle .

—

L1 =p.?+q.§+r.t is the vector angular velocity of the
body, where p,q,r are.the components of the angular velocity
of the body around x,¥,zZ axes respectively.

The equations of motion for the rigid wvehicle contain
the tofal external force F and the moment about C of the
external forces M. In terms of the unit vectors associated

with the body axes, these can be written in the form:
— A Fal N
F=X.1i+Y.J+Z.k
e Fa A Fa)
M=Mx .i+My. J+Mz .k

" The vectors U,r,F,G have been specified in terms of

A A
i,j,ﬁ, although they could also be specified in terms of

15



,?,Q. It is preferred to define all forces on the vehicle
with respect ¢to the moving coordinate system ,because in
practice all forces on the body such as thrusters and drags

can be calculated more easily with respect tothe body coordinate
system than with respect to the fixed coordinate system oOn

the surface.

3.3~ POSITION AND ORIENTATION OF THE VEHICLE

The position of the vehicle can only be specified by
reference to the axes O0XYZ, and wusing the rectangular

coordinates Xe,Ye,Zc. The orientation of the vehicle can

also be specified with respect to 0XYZ, but the method 1is
less obvious. The usual approach 1is to start with Cxyz

parallel to OXYZ and bring the vehicle from this reference

orieﬁtation to its actual one by:
1) a 'swing” % around z axis
2) a ‘tilt ©° @ around y axis
3) a ‘heel ° ¢ around x axis
It is important to note that these rotations must be

performed 1in this order. The quantities ¢, 6, ¢ can now

be used as the required " orientation coordinates ." When

used 1in this manner, they are a modified form of "Euler’s

Angles .

In summation , then, the underwater vehicle may be

16



located in space by:

a) three position coordinates Xc,Yc,Zec

b) three angular coordinates ¢ , 6, Y

But the latter set is only meaningful if the rotation in

swing,tilt and heel is applied in the specified order.

3.4~ AXIS TRANSFORMATION

It has been pointed out that the order in which the
rotations are appliéd matters because 1t determines the
resulting orientation. It can also be demonstfated easily
that the orientation may not be specified in terms of
vec:ors;

Consider, for example, the special case in
which ¢,€, ¢ are all equal to T radians, and, instead of
an underwater vehicle, we rotate a book as 1in figure 3,2 .
If we were (incorrectly ) to use a vector formulation of
this process, we should arrive at the unwanted vector
polygon shown in figure 3.2 . Since the polygon must be
closed, there is apparently a resultant rotation, vwhereas
figure 3.2 shows that this is not the case.

If the velocity components u,v,w are given, the

17



coordinates Xe,Ye,Zc vary in a manner that depends on the
prevailing values of ¢,0,¥. The purpose now is to examine
this dependence, keeping in mind that ¢,8,9 are not to be
thought of as components of a vector.

The velocity of C may be written as

—_— A A A
U=U1.11+V1.J1+Wl. .kl

with respect to the axes in their initial orientation as
shown by dotted 1lines 1in figure 3.3a . Alternatively the
veloclty of C may be written:

—tn A A A

U=U2.124V2. j2+W2 . k2

by reference to cx2y2z2. By inspection it is shown
LS

Ul COS(Y) ~SIN(Y) 0 U2
V1| = {SIN(w) COS (W) o [X]|v2
Wl 0 0 1 w2

or ’
Ul=T1(¥)*U2

Next, the tilt angle © must be applied by rotating
Cx2y22z2 to Cx3y3z3 as shown in the figure33b . The
velocity of C may be written:

A Fa N

VU3 .134V3. j3+W3 . k3

It can be seen that:

U2 cos(®e) 0 SIN(®) U3
v2 =1} o 1 o | X|v3
w3 -SIN(8) 0 cos{(e) W3

or U2=T2(8)U3

Finally the heel ¢ must be applied , as 1llustrated

18



in figure 33c, so that Cx3y3z3 takes up the actual position
Cxyz. The velocity of C is
— A

A A
U=ui+vj+wk

Now by inspection it 1Is seen that

U3 1 0 0 u
vi|=1]0 cos(¢) -SIN() {X]| v
w3 0o SIN(d) cos($) w
U3=T3($)U

The vector Ul is the same as

—

L] - A L el . ~
Re=Xec.I+Yec.J+Zc.K

go that
ﬁlﬂﬁc
and 1t follows that

Xe =T1(Y)U2=T1(PIT2(O)U3=T1(Y)T2(E)T3I(P)U=TU

Ye
Zc
where
(EOS(w)COS(e) [ Ccos(w)SIN(8)SIN(D) ! -cos(w)sxm(e)cos(¢;\
______ | _-SICoS@) L +sTH@sIN®)
SIN(p)COS(0) | SIN(WSINE@)SIN(D) | SIN({)SIN(8)COS (D)
i +COS () COS () ! ~CoS(@)SIN(D)
[_siN(e) “:—co_s@);w_('da;_ T -Ir T coscercos(dy |

"
A knowledge of ¢ , 8 » Y ,u,v,w as functions of time will
permit step by step integration that results in Xe¢,¥c,Zc and

—
hence Rc as a function of time.

19



3.5- ANGULAR VELOCITY EXPRESSED 1IN TERMS OF MODIFIED

EULER ANGLES

Even though finite rotations are not vector quantities,
angular veloeity 1is. If the angular velocity of a vehicle
is

i?f'-p.? +q.?'+r.g
then the way the components p,q,r vary with time depends on
the way in which @ , 6 , ¢ vary with time. It is possible
to derive the relationship that exists between the two sets
of quantitiesp,q, r-and ¢ ,©,¥.

By superimpo;ing a suitable translational velocity on a
rigid body, any chosen point of the body may be brought to
rest without changing 1its angular velocity. It is
Eonwenieﬁt to imagine point C fixed in this way, so that
only the oriention of the frame Cxyz varies with time. This
means that, as time goes on, the frames Cx2y2z2,
Cx3y3z3,Cxyz all rotate about € (while, of course, Cxlylzl
remains stationary and parallel to OXYZ ). To specify the
orientation Cxyz at any instant 1t is necessary to- freeze
the frames and measure the angles¢,86, Y-

Since angular velocity is a vector quantity,we can add:
angular velocity of Cxyz relative to Cx3y3z23 (-éi);

angular velocity of Cx3y3z3 relative to Cx2y22z2 (=éj3);

angular velocity of Cx2y2z2 relative to Cxlylz! (-@kZ);

20



where Cxlylzl is fixed. Therefore

———i . ~ .

A A
L =p.1+0. 13+9.k2

and in order to find expressions for P:+q,¥Y, We must express

S A A A A
33 and k2 in terms of i,j,k.
N A A A
If j3*a-i+b.j+c-k
then:
\
@ =T3(P)[a
1 b
0
L/ ¢
This is inverted because|T3l=1, therefore
™
aj= 0
b cos(p)
c -SIN()
N/
Again, 1f
A A A A
.k2=d.i+e.j+f.k
then:

(0] = T2 (8)*13 ($) [a)

0 e

1 f

~ [/ J
SincelTﬂfl this is easi{ly inverted to give:

fd ~SIN(6) ]

e |=| SIN(D)*COS(®)

JfJ COS(¢)*COS(GE

To summarize,

= (b~ Qs:u(e))?+(éc05(¢)+lﬁsrw(¢)cos(e))?+(dicos(¢)

21



i . R
C08(0)-8 SIN($))k
A A A
ap,.i+q.j+r.k

The components p , 9 , T are thus expressed in terms of

Y, @ spand their derivatives. The result may be put in matrix

form and then inverted:
é = |1 SIN(H)*TAN(E) COS(¢ I*TAN(S) rP\
8 0 COS(d) ~SIN() x| q
) 0 SIN($)*SEC(®) €COS($)*SEC(8) \rJ

With the help of the matrix above, one can trace the

variation of the orientation coordinates in terms of the

angular velocities of

roll, p
pitch, q
yaw, T

3.6~ EQUATIONS OF MOTION

The velocity of the vehicle can be written:

— ~ Fal Fa
Umu.itv. j+w.k

In this part we would like to develop equations of motion in

vector form. It {s also desirable to separate the gravity

force from the fluid forces. The force equation is



The symbols X,Y,Z are reserved for the components of fluld

forces, illustrated as :
- A A A A
F=X.i+Y.j+Z.k+mg.K,
AO . .
where K is the unit vector pointing vertically downwards.
. 8ince it will be convenient to express F entirely in terms
AN A
of unit vectors 1,3,k, then:
A A A A
mg.X=Fx.1+Fy. j+Fz.k
To find Fx,-Fy, and Fz we will trace the effects of
applying successively the orientation anglesd , 8, Yto bring
the vehicle to its actual orientation. First, apply the
swingy, 8o that Cxlylzl swings to Cx2y2z2. The componeats
(Fx)2, (Fy)2, (Fz)2 in the new directions are obviously
0,0,mg respectively. These results may be found by using
appropriate scalar products. Thus, from figure 34a
AA
(Fx)Z‘mg-kZ.iZ"O
AA .
(Fy)2=mg.k2.j2=0
A A
(Fz)2=ng.k2 .k2=ng
Next we apply the angle of tilt as figure 3 4p shows :
AAM
(Fx)3=mg.k2.13
A A A
=mg.k2 .(COS(O)12-SIN(8)k2)
AN
(Fy)3=mg.k2.33
AA
amg.k2.j2
=0
AA
(Fz)3=mg.k2.k3
A A A
=mg.k2.(SIN(B)12+C0S(B)k2)

23



=mg.COS(®)
Finally, we apply the angle of heel to bring the vehicle to
its actual orientation (figure 3.4 ¢)
A A A
Fx={(Fx)3i3+(Fz)3k3).1

A ~ N
=(-mg SIN(8)i3+mg C0S(8Ik3).1i3
=-pmg SIN(O)

A N A

Fy=(-mg.C08(8)13+mg.COS(8)Kk3).]

A A A A
=(-mg.SIN(9)13+mg.cos(e)k3).(COS(¢)j3+SIN(¢)k3)
«mg.C0S5(8).C0S($)

A A

Fz=(-mg.SIN(8)i3+mg.C0S(g)k3) .k

A N A N
»(-mg.SIN(O)i3+mg.COS(O)k3).(~SIN($). 3 +COS(PIk3)
=mg.C05(a).C05(P)

Then:

A A
F=(X-mg.SIN(®))1+(¥+mg.COS(0).SIN (9)) j+(Z+mg.C0S(8).COS

A
{($))k
and in terms of unit vectors:
- A A A A A A
F=m.{U.i+V.j+W.k)+m. | i i k
P q r
u v w

The scalar equation can now be written :

X-mg SIN(8) =m{u+qw-rv) .
Y+mg C0S(8) SIN() =m(v+ru=-pw)
Z+mg COS5(®) COS($) =m(w-pv=-qu)

—

—
Unlike the force vector F, M contains no contribution
from the gravity force because it represents a moment about

the center of gravity. To obtain the scalar equations from
P



the vector equation is straightforward. The vector equation

is
— A A A
M= ) Mx .i+MYn j+Hz ok
The angular momentum about a set of axes fixed in the

vehicle can be expressed as:

Ix -Ixy -Ixz P
angular momentum = |-Iyx 1y -Iyz | R |a
-Izx -Izy 1z o

where the terms Iab,{a=b) are the products of inertia. If

the axes chosen are principal axes of inertia, then the

products of inertia are zero and we have:

Ix 0 0 p
{angular momentum)= | 0 Iy o ¥1q
0 0 1z r

oy

. A
(angular momentum)=i.Ix.p+j.Iy.q+k.Iz.T

ag(kng monm. )= aE(l Ix. p+j Iy. q+k Iz.1)

~

A di ai _gg
1.EE(Ix.p)+Ix.p.a? +3. EE(Iy q)+Iy. q.__.+k (Iz r)+lz.r =
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Since the mass of the vehicle 1s assumed constant 1in

time, then the inertia of the vehicle is also assumed
coanstant 1in time. Hence, TEE(Ix.p)=Ix.p with analogous

results for the similar terms:

- A A A A A A A N A
M=iIx.p+Ixp(jr-kql+3Ily.q+Ilyq(kp=-1ir)+kIz.r+Izr(iq-jp)

With the vector components of moment defined as
- A A A
M=1 .Mx+j.My+k.Mz

the grouping of the vector quantities into components in the
?,?,ﬁ directions glves:

Mx=Ix.p+(Iz-Iy)qr

My-Iy.i+(ix*Iz)rp

Mz=Iz.r+(Iy-Ix)pq
Terms (Iz-Iy)qr , (Ix~Iz)rp and (Iy-Ix)pq represent
gyroscopic moments arising from the moving axis system.

The equations which have been developed are useful for
the case where the center of gra&ity is located at the center
of mass. Since hydrodynamic forces depend greatly en the
geometry or buoyancy of the body, it 1s very useful fo
develop the equations for an arbitrary origin within the
body of the vehicle. The vector distance from the center of
gravity to the origin 1is Rg=Xg.?+Yg.§;Zg.g, where Xg,¥g and
2g are the distance components along the x, y and 2z axes
respectively (see figure 3.5). On page 31 the equétions

describing the dynamics of the underwater vehicle have been

written. 26
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w2

>

J
— A A A
Re=XceI+YeJd+2cK

=t A A

U=ui+vj+wk

) A Fal

Api+qjerk

ot n A A
F=Txi+Tyj+Tzk
—lip.

A A A
=sMxi+My j+Mzk

Fig. 3.1 Two coordinate systems are used to

model the dynamics of underwater vehicles.
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Fig. 3.4 Effect of vehicle weight in rotational motion.
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Fig. 3.5 Rg is the vector that shows the distance between
center of geometry and center of mass.
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Summary of equations

1) Tx-DRx-Wgt*SIN(8) -H*[u+q*w-r*v—
Rg*(q**2+r 42 )+Yg* (prq-1)+Zg*(p*r+q)]

2) Ty-DRy-Wgt*COS(e)*SIN(¢)-M*[v+r*u prw-
Ygh(r**2+ph*2)+Zg*(q*r-p)+Xg*(p*q+r)]

3) Tz-DRz-Wgt*COS(&)*COS(¢2=M*[w+p*v—?*q-
Zg*(p**2+q**2)+Xg*(r*p-q)+Yg*(q*r+p)}

4) Mx- DRxx-Wgt*SIN(e)*Zg=Ix*p+(Iz Iy)*q*r+M*[Yg*(w+p*v u*q)
-Zg*(vH+udkr-whp)] :

5) My-DRyy+Wgt*COS(Q)XSIN(9)*Zg=Tly*q+(Ix=-Tz)*r*p+M*[Zg*(u+qrw-r*v)
-Xg*(utp*y-u*q)]

6) Mz-DRzz=Iz*§+(Iy—Ix)*p*q+M*[Xg*(v+r*u-p*w)
~Yg*(utq*w-r*v)]

Tx=Thrust force on the body of the vehicle in x-direction
Mx=Thrust moment-on the body of the vehicle around x-direction
Wgt=Weight of the vehicle

DRx=Drag force Iin x-direction

DRxx=Drag moment around x-direction

M=Mass of the vehicle

u=Linear velocity in x-direction

v=Linear velocity in y-direction

w=Linear velocity in z~direction

p=Angular velocity around x

q=Angular velocity around y

r=angular velocity around z
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Tranaformation Matrices

(CoS(w)*COS(8) COS($)*SIN(CB)*SIN(S) COS(Y)*SIN(8)*COS(d) )
-SIN(V)*COS () +SIN(PI*SIN(C @)

SIN(Y)*COS(8)  SIN($)*SIN(g)*SIN(¢) SIN(Y)*SIN(8)*COS(o)
_ +COS(P)*COS () -COS(¥)*SIN(s)

| -SIN(e) COS(a)*SIN( ¢) ) COS(a)*COS(%)

*1 [+ sIN(é)*TaN(e)  cos(é)*TAN(8) |p
gl=1|0 CosS(¢) -SIN($) %X|q
il |0 SIN(#I*SEC(8)  COS($)*SEC(8)| |r
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4 ORIENTATION CONTROLLER

4.1~ INTRODUCTION

As explained in Chapter 3 the equations of motion of
the underwater vehicle have non-linear terms. Here we
discuss the type of non-linearities that exist. Study of
the non-linearities in the model of the vehicle helps us to
understand the dynamic behavior of the underwater vehicie
and consequently the design of the controllers. After some
analysis on special characteristics of the vehicle, the
reader will appreciate the sluggish dynamic behavior of the
vehicle under tight maneuvering. Finally we will offer a
design procedure which will enable us to have more countrol
on the.underwater vehicle orientation.

As mentioned in the previous chapter the orientation of
the underwater vehicle in three dimensional space can be
specified with just three variables, ¢ , @& and ¥ . Most
underwater vehicles used for undersea 1inspection are
equipped with thrusters aimed in different directions. Up
to a point the more thrusters amn underw#ter vehicle has, the
more maneuvering it is able to do. For example some
remﬁtely-manned underwater vehicles are equipped with
several thrusters which produce fine ad justments in

orientation. In contrast, a large Navy submarine, equipped
33



only with a rear propeller and wutilizing surface controls

for rotation, 1{s much less responsive to adjustments Iin
orientation. This is an important dynamic behavior
difference between an underwater inspection vehicle and a

standard Navy submarine.

4.2~ CROSS-COUPLIRNG

~The equations on page 31 show that the orientation
variables($,8, ¥ ) are cross-coupled. For example, any
torque around the x-axis not only produces rotatlion aréupd
the x-axis but also affects rotation around the y and
z-axes. However the strength of the coupling in the model
depends on the orientation and physical configuration of the
vehicle. In some orientations there is almost zero coupling
in the model.

"The same coupling exists when torque 1s supplied around
the other axes. For example, any torque around the y-axis
not only produces rotation arcund the y-axis but also. might
affect rotation around the x and z-axes. The rotational
equations which are explained in the previous chapter show
the coupling between rotational state variables
P,4,2.9,8, . In general the part of the model which

demonstrates the rotation of the vehicle can be shown:
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MY etem—rrmte —> ) =£1(Mx,My,Mz,9,8, ¢ ,...)
My ===t non-linear model [—>8& -fZ(Mx,My.Mz,lb,G,LP TS |

Mz =——t —>§ =£3 (Mx ,My,Mz,0,0,% ,...)

where:
§=rotation around x—-axis (rolling)
O=rotation around y-axis (pitching)

Y=rotation around z-axis (yawing)

ﬁ;Mx.I+My.34Hz.§ {8 the moment acting on the body of
the vehicle. This can be from the thrusters or reaction of
the manipulators on the body or from water flow. The
angular Irotations calculated from the model show that the
eross—couplings in most cases are not ignorable and depend
not only on the physical and geometric characteristics of
the vehicle but also on its orientation.

The existence of cross-coupling 1in the model is an
important factor in selection of the orientation
controllers. We shall go through some details of the

cross—-coupling phenomena in the model:

4 1 SIN(®)*TAN(®) COS(P)*TAN(®)] [p
e|l=]o cos($) -sINCD) x| q
0 COS(9)/SIN(e) cos($)/cos(8) r

.-E_.
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p,q and r are rotational velocities produced by
different torques around the moving axes. The angles which
identify the orientation of the underwater vehicle are
d,0,vw. The matrix above shows the contribution of
different angular velocities on the orientation of the
vehicle. One may notice that the rolling angle of the
undervater vehicle 1s a function of p,q,r,8,0. Suppose the
vehicle has some pitch angle, say 25 degrees; then
Tan(68)=Tan(25)=.47 ., From equation 4 on page 32

5==p+SIN(¢)*TAN(e)q+COS(O)*TAN(e)r

Now, if the vehicle tries some yawing velocity ( around
z) the wvalue of COS(Q)*TAN(G)*: will be added to é ,Which
means yawing velocity causes some rolling angle of the
vehicle when a pitching angle exists in the system. If
there were not any pltching angle on the body of the
vehicle, having some yawing velocity would not affect the
rolling angle. The same logic can be applied to other
angles.

Another situation 1is of Interest; suppose the vehicle

has some rolling angle ¢ . Then if the vehicle tries some

yawing velocity r, pitching angle will change because
8=COS(J)*q - SIN($)*r

From the equation above it is clear that the existence

of rolling angle and yawing velocity will cause some change
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in pitching angle. The block diagram on page 35 helps

one to wunderstand the way that orientation angles are

produced.

4.3- TIME-VARIANT PARAMETERS IN THE MODEL

Some parameters of the system are time-variant, and
their values depend on the condition of the wvehicle. For
example, the movement of the mnmanipulator arm on the
underwater vehicle <c¢hanges the mnoment of inertia of the
vehicle. This change depends on the size of the manipulator,

its mass and its.degrees-of-freedom. If the manipulator
does limited maneuvering and its mass is small compared to
that of Ehe vehicle, the change in the moment of 1nertia can

be igﬁored.

b.h- NON-LINEAR TERMS IN THE MODEL

The drag force acting on an underwater vehicle 1is
non-linear. Drag force in any direction is proportional to
the second power of the velocity of the body, and also
causes hydraulic coupling. In some vehicles the drag force
vector is not necessarily pafallel to the velocity vector.

This wusually depends on the geometry of the vehicle. The
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magnitude of the drag force acting on the vehicle can be

modeled as:
z .
Drag force-{o.Cd.A.v/Z

where:

vevelocity of the vehicle
A=effective area

Cd=drag coefficient

fg-density of the water

4.5~ DESIRED GOALS IN ORIENTATION CONTROL

Oriéntation control i1is very difficult to perform
manuaily. Using only open loop manual comtrol the operator
is likely to lose control of the vehicle quickly, because
she/he cannot decide in sufficient time on the appropriate
thruster levels for a particular adjustment im orientation.
The orientation controller helps here. It is a
servocontroller for thrusters, implemented through ah on-line
computer. Its function 1is to help the operator to orient
the vehicle.

The orientation controller obtains three angles
($,9, ¥ Yfrom the sensors and produces appropriate voltages to

the thrusters. The countroller must:
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1) Overcome disturbances. It should be noticed that a few
types of controllers can overcome disturbances completely.
In our design we are interested in a controller that keeps
the vehicle within a desired range of orientations, given

that some limited disturbance is imposed on the body of the

vehicle. The major disturbances are from water flow or
manipulator reaction on the body. The rotation of the
propellers in different directions might cause some

disturbances on vehicle orientation as well.

2) Bring the vehicle to a desired orientation as quickly as
possible. (The power of the thrusters and their time
constants pose limitations upon the response time e) The
reference orientation could be assigned by an operator 6n
the sea surface. The command from the operator can be
transmitted to the on . line computer via analog signals
generated by a local model. Figure 48 shows the local model
that helps the operator to assign the reference for the
orientation of the vehicle. 0f course for relatively
complicated tasks the reference orientation for the
orientation controller should be assigned by the computer,
because the remote human operator cannot .re-orient the
vehicle with sufficient speed and accuracy. Chapter &
{ncludes a computer algorithm for a closed loop orientation
controller which would replace the operator for complex'
tasks.

The computer program which solves the equations of
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motion is named MODEL. MODEL is a general purpose progran
that can generate almost every dynamic characteristic of
the vehicle. MODEL can generate different angular and
1{near velocities with respect to the global and body axes
and determine the location and orientation of the wvehicle.
Usually most remotely-manned underwater vehicles made for
inspection perform tight maneuvers. Consequently they do
not work around a special operating polint. The operating
polint of the vehicle changes rapidly and frequently;
therefore any set of linearised equations does not simulate
the entire modeling exactly. MODEL uses the RUNGE-KUTTA
method : order of four, to solve the differential equations.
By solving the differential equations by the RUNGE-KUTTA
method , the full characteristics of the vehicle about 1ts
maneuvering point can be retained. We would l1ike to use
MODﬁL as our plant in our closed loop control system , but
to design the c¢ontroller for MODEL we use another linear
model. In the next section we will go through the details

of the controller design.

4.6~ CONTROLLER DESIGN

In design of a controller every engineer needs to know
the characteristics of the model, for example,pole and zero

locations, open loop frequency response, gains, etc. » and
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espeﬁially any nonlinearity parameters.

The non-linear equations of the wunderwater simulation
by themselves are very hard to analyze. There are many
classical and modern methods fﬁr controller design. Most of
these methods need linear models.

The " pole placement + observer™ method was chosen for
the closed loop.orientation control system. This decision
was based on the following two considerations:

1)
I1f the c¢ross-coupliag in the model can be 1ignored, a

linearized model for rotation of the vehicle around an

arbltrary axis can be written:

TR YT E O

Voltage K1 Torque _ K2 Rotation
—r—r - ey o sy

(T S+ 1)' s(J S+C;

Titime constant of the propeller
J =moment of inertia of the vehicle

C =linearized damping coefficient

The model above 1S5 0Ot capable of simulating the entire
rotation of the vehicle around a particular axis at any

time; it is valid around only one operating polnt. With
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the help of the model above we would like to analyze the
change of the parameters of the model. The open loop system
has three poles:
R1=0 R2=-C/J R3=-1/T
Figure 41 shows the root locus of the «closed 1loop

gystem.

For high values of the gain, the systenm becomes unstable.
Two poles of the closed loop system for high values of the
open loop gain sit on the right half s-plane and make the
system unstable. But for lower values of the open loop gain
the closed loop pbles git on a suitable location on the left
half s-plane and the system is stable.

Thé damping force on the vehicle can be expressed as:

PACY,

The following is a linear approximation of the equation
above
. c.v

C is constant around a given operating point and changes
when the vehicle changes 1its operating Qoint. With
inspection one can tell that C increases at higher spegd.
In general the orientation and velocity of the vehicle have
significant effects on the parameters of the vehicle.

Figure 42 shows the root locus of the closed loop system at
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different speeds.

At low velocities for most values of the open 100P gain
the system i1is wunstable. Fur;her we do not even have much
control on the open loop gain, because the open 1loop gain
changes and this change depends on the orientation of the
vehicle. The change of the parameters in the model causes
the closed loop pﬁles to move around. This movement cannot
be predicted very precisely. If we use a lead compensator
we can pull the roots from the imaginary axis to the left.
In other words, this problem by itself can be solved, but
other " parameters have sume contribution to the shape of the
root locus too , for example moment of inertia and gain .

2)

We now return to ocur simple linear model

L Pabar amrion o e

Voltage K1 Torque K2 Rotatign
rr—— T = T e —
(TS+ I) S(J 5+C)

e

where: EK=K1*K2

The value of the K in the G(S5) term

K
(TS+1) (JS+Q) S

c(S) =

changes because K shows the contribution of a special torque
to generate rotation around 4its axis. If we look at the
matrix below we can see that

43



b 1 SIN(H)Y*TAN(E) COS(Q)*TAN(B) P
al=1]o cos(t) ~sIN(D)  |x|a
U 0 coS($)/SIN(8) cos(dy/cos(e)] |r

For example, fpr any pitching angular speed we should get
some pitching angle if the rolling angle is not 90 . The
value of the pitching angle coming from pitching velocity
depends on the rolling angle of the vehicle. The same is
true for yawing of the body,i.e. the value of the yawing
angle coming from the yawing velocity depends on both
rolling angle and pitching angle.
¥ =C0S(§)/COS(8)*r

By inspection one can tell that the contribution of any
torque around its axis depends on the orientation of the
vehicle and can be répfesented by avarying gain in the simple
linear model above. The Bode diagram of the simplified
linear model can show the effect of the open 1loop gain

change (see figure 4,3 ).

If K changes , then the shape of the Bode diagram will
not change, but it will be shifted. The shift of the Bode

diagram causes the crossover frequency to move. The phase

angle diagram does not change - either. By changing the open

ioop galn of the system, thecrossover frequency gets Dbigger

and the wvalue of the phase margiﬁ-gets smaller. Small

values of the phase margin cause 1instability, but this
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problem can also be overcome by adding some lead angle to

the open loop.

Control law + observer is a superior method because it
guarantees the location of the closed loop poles even when
the items listed below change:

1) drag force

2) moment of 1neftia of the vehicle

3) the degree of the coatribution of: a. torque around a
special angle ,or coupling in the system

4) the values of the command inputs

5) the values of the disturbances coming from- the arm or
from water flow

The more information we collect for the controllers,
the better we can control the vehicle. The only information
that we can measure from a real vehicle for orientation
control are angles. By using an observer, ;e can feed the
estimated angular velocities to the controller,too. We are
jnterested in design of a controller which guarantees that
the vehicle will behave more or less as we want. Estimator
design 1is one of the methods in multi-variable systems that
can guaraatee the locations of the closed loop poles and the
values of the phase margin, even if the model is nonlinear.

H(S) is a linear model which <can show the relation
between the torque produced by the thrusters and the input.
voltage to the thrusters. The thrust force produced by a

thruster is proportional to the angular velocity of the
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propeller.

thrust force K1l

vol tage TS+1

T can be calculated from the inertia and drag
characteristics of the propeller. Therefore the linearized
model for orientation around just one axis can be written in

the S domain:

: KL R2_
1) _2-1_ , | Z-TRANSFORM _ K1%*K2
_ A OF SZ('I‘S+1)(JS+C)

With the help of the zero-order-hold model, the discrete
model 1in Z domain can be derived.

We should notice that the 1linearized model 1s Just
useful for us to approach our design and is not capable of

modelling the vehicle accurately- As will be explained
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later the 1linear model derived by equation I 1is just
useful to construct the states of the system for the
controller. In other words, we build a linear model that
tries to approach the dyanamic behavior of the non-linear
model (or plant). Because of the non-linearities in the
original model we have to correct the 1linear model alwmost
continuously.

It would be convenlent 1f all of the states that we
need for feedback were availlable. This 1s not usually
possible, because of limited sensors and difficulty in
measurement. If all states of the system were available,
then we would be able to proceed with the first design step,
the "control law . When all of the states needed for
feedback are not available, we are led toward "estimator"

design, 1in order to estimate the complete vector of the

systam. The final stage of design consists of combining the

control law and the estimator, where all control law
calculations are based on the estimated states rather than

the actual states.

The control law simply means the feedback of all of the

states of the syster 2nd their multiplication by appropriate

gains to form the control signal sScalar.

u.-K*x-- [Kl Kz m LI I 1 xl
x2

x3
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The digital state equation form of the model can be

shown as:
X(n+1)=§ .X(n)+ T.U(n)+ I'l.W(n)

If we substitute the result in the digital form of the

model, we have:
X(n+1)=¢.X(n)- I K.X(n)+ Tl.W(n)

The characteristic equation of the closed loop systenm

is:

det]z1 -4+ IR | =0

The control 1law design then c¢can be stated as a

calculation of the elements of k so that the roots of the

characteristic quation can be placed in desirable locatioﬁs.

A very convenient formula has been derivedby Ackermauan.

This relation is:
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n-1

K‘[OO .-.ooo 1][1"¢I' R R Y ¢ l"]
2
where [T ¢ ¢T eeeses]ls called the controllabilicy
matrix, n is the order of the system and a(¢) is:

n - n-2
a(é)m ¢ —ap —0g . s e nl

where the a’s are the coefficients of the desired

characteristic equation, that is,

n 1
u:(Z)"ZI-o+ I KJ'Z-QIZn- .........."Q.n

4.7 ESTIMATOR DESIGN

In control law deslign we assume that all states of the
system are avalilable for feedback. Here we explain the
algorithm that constructsall states of the system, gilven
some measured states of the system. The obvious way to
construct the states of the system 1s to make a dynamic

model of the vehicle. We present the model in matrix form:
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X(n+1)= & X(n)+ [ U(n)

The matrix form of the model 1is derived from the 1linear
equation T on page 46 . Notice that this linear model is
only good for estimating the states of the system in the
controller. We emphasize again that the linearized model
written in matrix form will be used for theestimator
controller and will be recorrected every sampliang time.

In the equations above x presents an estimate of the
actual state, X. The value of $and T are known, but
they change very rapidly. The changes in & and Mhaveé been
explained earlier. Because of the change in § and T we
should redesign the controller when there i1s an appreciable
change 1in § and ' . Once we write an algorithm for design
of the estimator for an arbitrary § and T ,then we can use
that algorithm to determine the estimator for different
values of the § and T at different orientations of the
vehicle.

The beauty of the estimator design 1s that in a
systematlic way it enables wus to design the controller
on-line by computer as a function of changes in orientation
and physical configuration of the vehicle. 1In other words,
we teach the computer how to desigan the controller for
thrusters whenever 1t is mnecessary to redesign. The
dynamics of the vehicle change constantly, aand this causes
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the estimator algorithm to design the servocontroller

continually.

51



GI:- ll
TSH!)

Gz = Rz, -
Saésm)

Gi= linear model for molor made by observer

G2 = \inear wmodel for bod\l rotation made by observer

G=G. G2 = Ky, K2

(Tse JS+0)S
G Ki. K2 _ @ _ fodian
T Ta(Tist) +5°(Te +ﬂé)+Cs v valts
KvK 2
© - T3
v a3, I.?—?—-"—--sﬁ%s
dJ
-—9_.-_':. K : K= -—-——HL_KZ
v s3;. Bs*+ A4S T
s . . 8 = T.C-whj
Xiz 6 4= C
X2 = 9 TJ
X3=8
M o 1 oxt} J°]
x2l=]o © 1l «2 +| ° v
x.s O -A -3 .K3_, _KJ
| o
] O
Hz o o i G‘-' (4]



(Ft  F4&  F7]

e =|F2 F5 F8 |=F

Fz  fs Fa |

F!:i
FZ:O
‘FS:O
" F4=Di1+8.D3
fF6=D24+8.0i
F6= -C.0i
F7= D3
F8= Di
Fa= 02
DI:...'_,,. -G.t —bt
e ( e )
D2 = ~bt -bt
_-O- (be. - L é
D3 = .__l.._.. { -at
ab [u--—_-g- (be%_q e""t]
a=.0
¥
b= <.
d
2_2
O=T:F74+ EL 4
]
r=’[IT+ FI.+ ]G
21

¢ and I are C.OEFFIClenTSx OF duﬂufal model
53



X(ns)= . %) + T uin} d@ta‘ Form of e mstantaneous
y(n) = H.X(n) model wade by e observer

uin)= Voltaﬂe To the wotsrsg
Yin)= rétation of the body
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Root Locus of the closed loop system .

Fig 4.1
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Fig. 4.2 Root locus of the closed loop system
at different speed.
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5 POSITION CONTROL

5.1- INTRODUCTION

This chapter explains computer controlled
positioning of the remotely manned underwater vehicle in
three dimensional space. . First the equations for
translational motion will be analyzed and then the dynamic
characteristics of the translational mot}on, which affect
the con?roller design, will be studied.

Translational motion of the vehicke does mnot produce
coupling between translational state variables as long as
the vehicle does not have any forced rotational motion.
Therefore it 1s strongly recommended <that the automatic
position control and automatic orientation control not be
pe,f;rmed simultaneously.

There are two reasons for this:

1)

Suppose the operator wishes to position the vehicle
somewhere under the water with a particular orientation.
Thig 1is most easily accomplished by locating the wvehicle
with the position contreller while maintainiag a fixed
orientation, and then orienting the vehicle after 1t has

been positioned. The 1limitation on the number of the
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thrusters and their positions with respect to the body of
the vehicle makes the simultaneous use of the orientation
control and position control almost impossible. In other
words, 1if the vehicle is sﬁpposed to move and rotate at the
same time to get to a special point with a given
orientation, the thrustere’orientation will change because
the thrusters #re atﬁached t6 the body with fixed angles.
Then it is obvious that the vehicle does not move toward the
desired direction anymore because the thrust directions have
been changed.

2)

If in some speclal tasks, it is necessary to rotate and
move the vehicle simultaneously, then more thrusters are
needed for the vehicle. The vehicle must be redesigned to
provide translational movement 1n a particular direction
with different body orientations. The thrusters must be
configured 8o that at 1least one thruster operates in the
desired direction of the translational wmovement. Most
receht designs of underwater vehicles do not include many
thrusters. 1In the few multi-thruster designs the lopations
of the thrusters on the body are such that the vehicle
cannot move and rotate at the same time. Figure 31 shows a
simple design that allows the vehicle to move in a two
dimensional plane with rotation. The controllers designéd
in this paper do not provide enough control for the vehicles

in figure 5,1 ; other gservocontrollers with a supervisor

-
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program are needed.

With the help of the exp;anation above = wye design
position controller and o;ientation"EEﬁt:oller to be
fndependent of one another 1in the sense that they do not work

simultaneously, and therefore forced rotation and forced

translation are truly decoupled.

5.2~ NON~-LINEAR TERMS IN TRANSLATIONAL MOTION

The only non-linear term in the model is drag force. This
force 1is proportiﬁnal to the second power of the velocity.
Because of the creepwise (no sudden movement) motion of
remotely manned underwater vehicles, "there is no
hydrodynamic coupling between different translational speeds
in different directions. The creepwise speed of the vehicle
makes the drag force in any direction virtually independent

of the speed of the vehicle in another direction.

5.3- COUPLING IN PURE TRANSLATION

Here we explain the details of the coupling that an
underwater vehicle experiences 1in pure translaﬁional motion.

A vehicle undergoing simultaneous rotation and translation

*

will experience a high degree of ccupling, ae seen in the
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equations on page B{ . As explained in the introduction of
this chapter we prefer to avoid performing rotation and
translation at the same timef The coupling that the vehicle
will experience in pure translation depends on the
mechanical configuration of the vehicle.

Equation 1 presents the translational motion in the

x-direction 1in the absence of rotation:

Tx-Drx~-Wgt*SIN(8)=M* [u+qw-rv-Xg*{q**2+r**2)

+Yg*(pq-r)+2g*(pr+q)]}

In most remotely-manned underwater vehicles:
Xg=0
Yg=~0
23%0
'Zg 18 the vertical distance between the center of mass
and the geometric center. If Zg is small, the traunsient
regsponse of the rolling;motion of the vehicle is da;ped and
relatively slow. For large Zg, the transient response of
the rolling motion of the vehicle 1s oscillatory. The
larger 2Zg 1is, the more oscillatory the vehicle 1is in
unforced roll;ng ( the frequency and damping coefficients of
oscillation depend on the viscosity of the water as well;
however water viscosity Is assumed to be constant). The

preceding analysis on Zg can easlily be checked by inspection of

figurg‘iz. 66



Equation 1 can be simplified:

Tx—Drx-Wgt*SIN(9)-M*[ﬁ—rv+Zg*(pr+&)]

Because of the pure translational motion :
p=0
r=0

Rearranging:

Tx-Drx-Wgt*SIN(@)=M*[u+Zg¥q]

The forces in the x-direction produce two components of
acceleration:

ustranslational acceleration in the x direction

q=rotational acceleration around the y axis

u moves the vehicle toward the x direction. Rotational
accelgration around the y-axis , q ,1ls transient because It
1s quickly overcome by the moment produced by the force of
buoyancy. Once the vehicle reaches its steady state speed
in the x direction both q and u die and the wvehicle uwoves
smoothly in the x direction,.

Figure 5.2 {indicates that an unwanted pitching 1is
produced while the vehicle accelerates in the x direction.
This is a soft coupling that does not affect the entire
positioning task. If Zg=0 this coupling disappears and no

plitching angle is observed. If Zg 1s large, the pltehing
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motion produced will be oscillatory but will eventually die
out.

There is similar coupling in the y-directlon, (i.e. 1if
the vehicle tries to move in the y-direction and Zg#0, some
rolling angle § will be produced). The length of Zg plays
an important role in the rolling stability of the vehicle.
If Zg is large, there is less coupling, because Zg 1s the
moment arm that increases the force of the buoyancy If the
moment arm 1s short (i.e. the center of mass 1is almost
coincident on the geometric center), then translational
movement will not produce rotation, but the vehicle will be
very sensitive to any rotational force and will turn over
with a slight di;turbance.

For every underwater vehicle there 1is an optimum length
for Zg. The RCV-150 undersea robot has Zg= 3'

(Eee Page 122 ) which makes an effective passive
controller for rolling motion of the vehicle. The non-zero
value of 2Zg in_the RCV~150 produces a slight coupling in the

translational motion of the vehicle but does not affect the

position control extensively.
S5.4- DATA TRANSFORMATION
Typically a cable links the robot to a mother ship on the

surface. Two microcomputers (one aboard the robot, the
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other on the mother Ship). handle virtually all
communications, display, and control functions. The
microcomputer in the control station scans ~the operator
congole at some given frequency (20 Hz for example). When
the operator enters a maneuvering command, the on-surface
micro encodes the command and transmits 1t as an

RF-telemetry signal to the robot. The robot’s micro then

interprets the command and activates the .thrusters. The
basic controllers such as the position controller and the
orientation controller and any supervisor algorithm such as
the pathfollower can be written on the surface micro while
the robot’s micro simply interprets the commands and then
activates the thrusters.,
The position of the vehicle with respect to the
mother ship can be detected roughly by sonar sensors on the
mother ship. Having processed the data obtained from the
sonar sensors the appropriate controlled variables can be
sent to the robot’s micro. Data communication systems for
various undersea robots are different and depend on

distance, angle to the surface and task factors.

5.5- DESIRED GOALS IN POSITION CONTROL

Without automatic position control it is difficult for

the operator to position the vehicle. Assigning a sequence
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of different locations in a cartesian coordinate system {is
the most difficult task that the operator can perform in
positioning the vehicle in -open loop operations. In any
open loop positioning task the water flow disturbs the
vehicle and the operator may lose control of the vehicle.
Open loop control of undersea robots can be qseful only for
simplified tasks in célm water.
The position controller is designed to meet two desired
characteristcs: '
D
Positioning the vehicle in three dimensional space as
quickly as possible. On page 63 different contrel criteria
for position controller design were discussed. The power of
the thrusters 1s a constraint in achieving tﬁia goal. The
position reference can be assigned by the operator on the
motﬁer ship with the help of analog signals on a console.
2) B
Overcoming the disturbances (such as water flow) that
cause the vehicle to move from its aasigned positiom. This
{s an important feature that an open loop controller cannot
provide. Again, the power of the thrusters is important.
More powerful thrusters with lower time-constants can
overcome disturbances more quickly than others. At times,

thrusters cannot completely overcome disturbances.
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5.6- CONTROLLER DESIGN

The design of the position <controllers wuses the
observer method. The only time—varying non-linear term in
translational motion is drag force. The drag force changes
with the speed of the vehicle. Because of the existence of
time - varying parameters in the model, the position
controller should be designed to opefate differently at
different operating points. An observer 1s designed based
on the simplified linear model that simulates the dynamic
behavior of the vehicle. Whenever the dynamics of the
vehicle change, the algorithm designs a different observer
based on the latest simplified linear model of the vehicle.
The position controller has the same struéture that the

orientation controller has.
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Fig 53 A vehicle able to move and rotate at the same time.
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6 BOTTOM-FOLLOWING WITH CONSTANT PITCH ANGLE

6.1~ INTRODUCTION

A bottom-following algorithm enables a vehicle to
follow an .srbitrarily specified path‘under the water at a
small, constant distance from the ocean Dbotton. The
operator brings the vehicle to a certain depth, then turns
the vehicle 1in the horizontal plane to a desired
orientation.(That 1s, the operator assigns some yaw angle to
the vehicle) The operator uses the orientatlion controller
to determine the yaw angle. This is accomplished byla local
orientation model.

?he operator initiates the Dbottom-following progranm,
and the vehicle begins moving along the specified yaw angle,
following the contour of the bottom at the assigned
distance. As long as the vehicle 18 1in automatic
bottom-following mode, the orientation controller should
remain in effect in order to maintain the vehicle at its
specified yaw angle. If the operator changes the yaw angle
of the vehicle, the bottom~following algorithm will contiaue
along the new yaw angle.

The pitch angle of the vehicle does not change during

the maneuvering; the x—-axis of the vehicle 1is always
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parallel with the water surface regardless of the contour of
the ocean bottom. This algorithm is suitable for vehicles
which are mnot capable of plitching. In some vehicles,
because of a large distance between the Jeometric center

and the center of mass, pitching requires tremendous power.

6.2~ BOTTOM-FOLLOWING ALGORITHM

The bottom—following algorithm is a supervisor progran
that operates different servocontrollers at the right
times. Of course, a very experlenced operator might be able
;o follow a special path under the water by assigning
different reference inputs to the controllers, but she/he
could not easily make decisions 1in sufficient time for
complicated tasks like bottom-following,

This algorithm obtains all its necessary information

about the environment from sonar sensors. It interprets

this data and decides when and how to wutilize the thrusters,

The algorithm enables the vehicle to go in any
direction while maintaining a constant orientation, and
without colliding with the ocean floor. The algorithm wuses
the position controller to maintain the distance between the
vehicle and the bottom at the assigned value; it uses the

velocity controller to achieve the desired speed along the
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path. The desired distance from the bottom and the desired
velocity along the yaw direction should be assigned by the
operator and can be changed by him even when the vehicle 1is
in the bottom=following mode.

As long as the vehicle 1s 1in the autowmatic
bottom-following mode, the orientation of the vehicle does
not change unless-the operator so decides.

The vehicle is equipped with four sonar sensors,A,B,C
and D seen in figure 6.1 . A and B measure the forward and
rearward distance, while C and D measure the distance
between the vehicle and the ocean bottom. The more
informatfion about the environment collected for the
algorithm, the better the vehicle can follow 1its assigned
path. To {insure that the vehicle recognizes the
environment, all paths can be divided into three categories:

1) Paths with slopes between 4; and 96

2) Paths with slopes between -&5 and 4§

3) Paths with slopes between ~96 and -4;

Dividing the contour of the ocean bottom into three
categories is essential. Categorization of the paths
incorporates knowledge into the program that facllitates 1ts
recognition of the environment and simplifies the decisions
that must be made to drive the servocontrollers. The
decision.- making of the bottom—following algorithm is based
on the information that it obtains from the sonar sensors.

Some pre~classified knowledge about the environment stored
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in the algorithm makes the bottom—following program able to
accommodate the type of the environment and therefore to make

logical decisions about driving the gservocontrollers.

6.3- DECISION-MAKING LOGIC

I1f in figure 6,1 the measured distance from sonar A s
smaller than those from the other sonar sensors,then the
environment fg considered of type 1 and the vehicle 1is
closest to the bottom at point A. 1In any path of type 1
there is always some danger that the vehicle will collide at
its bow. 1f the measured distance from sonar B is smaller
than those from the other  sonar sensors, .then the
environﬁent 1; considered of type 3 and point B is the
closest part of the vehicle to the ocean bottom.
Figure 6.2 shows the three different categories of the
environment contours.

The following shows the Jlogic wused to realfize the

environment.

AA’<BB’ ‘

AA'<CC’ | e Type 1
AA’<DD’

BB’ CAA” |

BB’<CC’ } - - Type 3
BB’ <DD’ 78



CC’<AA’

CC’<BB’ . y Type 2
DD’ <AA’

DD’<BB’

If the vehicie is in an eunvironment of type 1, then the
algﬁrithm realizes that the measured diétance Erom sonar A
is the smallest measurement. The vehicle then uses 1ts
horizontal thrusters to keep AA’ in the assigned range. The

.horizontal thrusters are run by the position controller.
Figure 6.4 shows the maneuvering of the vehicle in an
environment of type 1.

If the vehicle moves closer to or farther from the bottom
because of a disturbance (for example ocean currents), then
the position controller will overcome the disturbance and
will bring “the vehicle to the desired distance. One must
use vertical thrusters to vary the speed along a type 1 path
such #s that shown in figure 6.3. The control algorithm
uses the speed controller to operate the vertical thrusters.

Vertical movement of the vehicle by means of the
vertical thrusters and speed controller causes the forward
distance to change, which in turn can act like a disturbance

for the position controller. This disturbance must be overcome
by the position controller. In other words, there can be

some mutual forcing or cross-—coupling by the control system.
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If the vehicle is in an environment of type 2, the
vertical thrusters are run by position controllers to keep
CC” or DD'in the desired range.. The horizoantal thrusters
are operated by the speed controeller. Any horizontal
movement causes a change in the vertical distance CC° and
DD° , which can be overcome by the position controller.

In an environm;nt of type 3 , the algorithm works the

same as it does in type 1.

80



AA’{BB’

AA‘<LCC’ e Type 1
AA’<DD’

BB <AA’

BB’'<CC”’ - Type 3

BB’ <DD’

CC’<AA’

CC’<BB’ |} = Type 2

DD <AA’

L,

DD"<BB’

Fig. 6.1 Position of the sonars on the vehicle
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Fig. 6.3 Locus of the vehicle in following the
path of type #1

83



re-
A
==
pre A
Pt
r
'l
7
r.l
rcz~

e e
;A

1

Fig. 6.4 Locus of the vehicle in following the
" a transition path from type #2 to type #1

84



7 COMPUTER CONTROL AUTOPILOT FOR ALVIN

7.1~ INTRODUCTION

In this chapter the design of a special purpose
autopilot is described for Alvin. Alvin 1s a heavy
submarine which belongs to Woods Hole Oceanographic
Institutio#} it is equipped with scientific research
insﬁruments. One of the 1important tasks that Alvin
frequentl§ performs is following the bottom of the ocean at
a constant distance with constant orientation. This task is
currently being performed by a human pilot. Alvin is
equipped with one sonar that scans horizontally;‘ The sonar
currently on the submarine helps the operator to realize the
contour of the ocean bottom.

The objective of a computer controlled bottom following
autopilot 1is to provide, through coupled computer software,
the abiiity tb command the thrusters based on the
information which is collected by the sonars. However,Alvin
is not able to follow any arbitrary path wunder the water
because of the following constraints:

1) Alvin has three thrusters which are not powerful
relative to Alvin’s weight, More thrusters at different

directions would increase the ability of Alvin to maneuver
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more tightly under the water.

2) Alvin’s huge inertia puts some limitation on its
maneuvering relative to a turbuleatr or strong cross—current
environment. In other words, small submarines with powerful
ind fast thrusters will perform better automgtic tasks.

Because of hardware limjitations on Alvin (weak
thrusters, huge inertia, 1limited data aquisition systenms,
big size), the majority of autopilot tasks should be
performed by software. In other words some data analysis,

prediction and decision-making should be done by an on-line

computer, prior to any hardware functioning.

7.1- AUTOPILOT SIMULATION ON PDPL1/34

The real time autopilot simulation for Alvin in the
Man-Machine System Laboratory consists of three routines
that communicate with each other with the help of the buffer
in the computer. These routines are called STERN, TANG and
ALVIN. Every routine contains some subroutines to perform
each part of the simulation. These routines are
synchronized and run in real time. Figure 7.1 shows the

block diagram of the autopilot simulation.
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STERN

This program simulates the dynamics and kinematics of
all the hardware that exist on the submarine. It represents
the dynamics of the submarine, kinematics and dynamics of
the sonars, and graphical simulation of the submarine,
environment and sonar beams. A vector display rerminal 1is
‘employed to present the graphical simulation. This program
consists of different subroutines; that simulate different
parts of STERN. The following describes the different

subroutines.

1) DYNAMIC SIMULATION

This routine simulates the dynamic behavior of the
submarine. The dynamic equations of the underwater vehicles
have been analyzed 1n.chapter 3 carefully. In design of the
auto?ilot it 1s not necessary to analyze the entire
dynamics of the submarine, however the equations on
page 3% can be applied to Alvin too. Since we are
interested in the bottom following aspect of the submarine
in two dimensions with constant orientation some
simplifications on the model can be done.

The distance between center of mass and center of
gravity 1s 22 inches. The heavy weight and long distance
between center of mass and center of gravity causes Alvin to
have hardly any pitching or Trolling. Figure 7.2 simply
shows that the passive control of pitching and rolling will

cause the submarine to reject, any rollimg or pitching
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disturbance on the body of the submarine. If the submarine
should not have any passive control on rolling and pitching,
an active orientation control should be wused to keep the
submarine in zero orientation, because the entire function
of the autopilot for Alvin 1s designed based on 2zero
orientation. The objective of the autopilot is to follow
the bottom of the ocean in two dimensions, 1in othér words
the autopilot will not be able to assign any yaw angle to
the submarine. The yaw angle to the submarine should be
asseigned by the operator with the help of the orientation

controller.

With regard to the €Xxplanation above , we can ignore the’

entire rotational motion of the submarine in all degrees of
freedom. This simplification leéves the model jﬁst with
translational equations in two dimensions. The thrusters on
the gubmarine can be modeled like a first order system with

small time constant.

2) GRAPHICS

This routine presents a graphical simdlation of the
underwater vehicle, sonar beams and four-thousand foot
environment on a vector display terminal. The screen has
been divided into twe parts. The upper part shows a close
up picture of the submarine and two hundred feet of
environment. In other words the upper part of the screen
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looks like a moving picture taken by a camera which moves
with the submarine. The distance between the camera and the
submarine is such that two hundred feet of environment can
be seen on the vector display terminal. The lower part of
the screen shows the submarine and four thousand feet of
environment. This part of the screen looks like a picture
taken by a fixed camera which 1is located on the floor of the
ocean far from the submarine. Therefore four thousand feet
of the environment can be viewed on the vector display
terminal. With two pictures of the submarine on the screen,
one can see the behavior of the submarine with respect to
the environment under different control modes. Figure
73 shows the arrangement of the graphical simulation on the
vector display terminal. A copy of the graphical simulation

program is appended.

3) SONARS

This subroutine simulates the function of the sonar
system. By applying different parameters to this program
such as sweeping angle, period of motion, number of beans
per second, and effective length of the beam one caa
simulate different sonars on the submarine. This routine
gives the operator the capabiiity to test different sonars
for the submarine. For the autopilot design task, two sonar
systems which scan vertically are needed. The sonar
simulation allows for different rotational motions for the
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the sonar, too. The rotational motion of the sonar is
compeletely under control and different motions can Dbe
assigned. Figure 7.4 shows different motions of the soﬂg;;
Given the angle at Which the sonar beam _poinﬁs toward'thé
environment, the control system calculates the ,intersection
of the sonar beam with the environment and records the
length of the beam and the angle of the beam relative to the
submarine. The angle of the sonar relative to the submarine
is the real time input to the control routine and the length
of the beam is the output. Figure 7.5 shows schematically
the input and output of the routine. The routine 1s
synchronized by a real time clock. Both sonars on the
submarine have the same dynamics and specifications but they
are commanded differently. The first sondr gcans
mechanically without thaving any command from any software,

but the second sonar angle vrelative to the submarine 1is

assigned by TANG.

4) MOTOR

This routine simulates the kinematic behavior of the
motor which runs the first sonar. The dynamics of the motor
are not important because the motion of the first sonar is a
steady state periodie function,and once the type of motion
of the sonar is decided, for the entire maneuvering the
same motion repeats itself, Figure 7.4 shows the different
motions for the first sonar. The angle of the first sonar
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at any instant of time is assigned by this subroutine. A

copy of this subroutine is appended.

. TANG

This routine is the heart of the autopilot software.
1t fetches the data from the first sonar and after some
analysis with fts subroutines it makes -deciéions about
different tasks. The communicaéion between this routine and
other routines is done by the buffer in the computer. The
angle of the first sonar [ @ ] relative to the submarine and
the length of the beam [L] are the real time inputs to this
routine. This routine receives new values for L and @ when
the first sonar recelves new data. After every peribd of
the motion of the first sonar (when @ equals -90 degrees),
the app;okimate value for the tangent of the environment 1is
calculated.

The tangent for the environment is calculated from the

equation: ZXTy
1 TAN( a )= E_ﬁ;_rzz__
Zx £LXX)
n

xaL*COS(B)
Y=L*SIN(9)

Subroutine MATH calculates the angle for the second sonar
based on its tangent to the environment. The measured
distance by the second somar s the set point for the

servocontroller. Any measurement from the second sonar
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greater than forty feet cannot be trusted. Therefore MATH
tries to assign an angle for the second sonar such that the
measured length from the somar to the environment is around
forty feet. 0f course the function of this subroutine
depends on the specification of the sonar system and type of
environment. Figure 76 shows the the relation between the
assigned aungle for the second sonar and other parameters.
The assigned angle for the second sonar {is one of the
outputs of the this routine.
ALVIN

This program is the servocontroller for the vertical
thrusters. The set point for the servocontroller comes from
the second sonar. The output of this software 1is the
voltage to the vertical thruster. Because of physical
equipment, the hydraulic motor must turn at constant speed;
no amplitude modulation technique is now compatible with the
autopilot software. Thus, ia order not to have to change
the whole thruster system,' the bangbang controller with
dead-zone and hysteresis was chosen for operating the
thrusters. Pigure 7.7 shows the block diagiam of the
servocontroller. The value of the dead zone and hysteresis
are assigned from TANG. This is another decision that TANG
makes based on the reconstruction of the environment.
Figures 7.8 to 7.19 show the performance of the ALVIN

autopilot simulation in several environments.

92



DATA

FOR
EWIRCNH
ENT

DYVAMICS Graphics PATH 1
== For
1 vehicle PATH 2.
FoToR 1 r SOM R1 environmen]
| and
~ | : Sonar
MoToR 2 i SoNRR 2| beams PATH 3
I } N =
tg,R t N\
- N
] i 1 o g
| ) \R,8
- - AN
¥ b \
Geomelery DaATA | \
ANALYST S
Geometery AN SEREG Traier
DECISION s
o - oR
HARIN G N
THRUSTERS

Fig. 7.1 Diagran

Q3

showing the ‘Autopilot gimulation.




Fig. 7.2 The distance between the center of mass and the
center of geometry produces a strong passive
contrel on the pitching and rolling angle.
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Fig. 7.3 Arrangement of the graphical simulation
on the vector display terminal
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Fig. 7.5 Sonar simulation block diagram.
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L*SIN(8)+L*COS(8)*TAN(a)=C

SIN(8)+CO0S(8)*TAN(a)=C/L

SIN(8)+B*C0S(8)=A
Where:

A=C/L
B=TAN(a)

SOLUTION FOR @ :

TAN( 9 )= B+A*SQRT (1+BA*2-A%%2 )
L-A%*2

Fig2. 76 Calculation of the second sonar angle
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Fig. 7.9
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Fig. 7.12
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Fig. 7.13
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Fig. 7.14
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Fig. 7.19
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Fig. 7.20
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CONCLUSIONS AND RECOMMENDATIONS

The purpose of this research was to simulate the motion
and dynamics of underwater vehicles and to evaluate
alternative control technology for following tne ocean
bottom. The equations described in chapter three have
proven to be reliable and efficient to show the dynamics of
underwater vehicles in real time. A more complete model
can be used to simulate the motion of the vehicle ,but more
terms in the differential equations would add to the
complexity of the model, and consequently it would Dbe har& to
simulate thevehicle in real time on a PDP11/34.

The simulation is caﬁéble of characterizing +the tighﬁ
méneuvering and coupling among the motions of a wide range
of underwater search vehicles. The coupling in different
motions of the search vehicle is an important factor which
was énalyzed for coﬁtroller design. |

Looking back at chapters 4,5,6 and 7 ‘suggest that the
more control we havé on the vehicle, the more complex tasks
we woﬁld be able of perform; The controllers _described in
chapters 4,5,6 and 7 have shown good performance in
orienting, positioning and bottom-following tasks.

Having the motion of the manipulator arm and the
vehicle under the control of the operator will provide more
capability of doing complex tasks; therefore future

research should analyze the combined motion and dynamics of

the manipulator arm and underwater vehicle.
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GENERAL CHARACTERISTICS OF
| RCV-150 AND ALVIN

1) rcv=-150

Hydro Products Model RCV-150 is a remote controlled,
tethered vehicle equipped with television camera and lights,
sonar, and a four degree of freedom manipulator. Pro-
pulsion is provided by four bidirectional, 10" diameter
thrusters housed within Kort nozzles; two located at the
aft end of the vehicle and two mounted at port and starboard
on the upper plan of the amidships line. All four are fixed
with respect to the vehicle. Hydraulic power (approx. 3 HP
per motor) is provided to the thruster motors from an
electrochydraulic converter which in turn receives electrical
power through the tether cable. The television camera is
mounted in the front of the vehicle on a pan and tilt
mechanism. Control of-the thrusters, camera, lights, and
manipulator is accomplished with the aid of an on-board
microcomputer and a second microcomputer on the surface.
Communication between the two computers is through the
tether cable.

The shape of the vehicle is roughly spherical with
approximate overall dimensions of 58.5" long, 51.5" wide, and
44.5" high. Thruster positions are as indicated on the
front and top views in Figure 2. Pore/aft motion is deter-
mined by the sum of the power delivered to the longitudinal
thrusters,while heading (rotation about the % axis) is
determined by the difference in the two thrusts. Likewise,
vertical motion. is produced by the sum of the upper two
thrusters power and port/starboard motion is dependent on the
difference in thrust. ,

The vehicle weighs approximately 1060 pounds in air
and is about 15 pounds positively buoyant in water. Maximum
speed forward is 2 knots and 1.5 knots in reverse. Transverse
speed is limited to 1 knot and vertical motion is possible
up to 1 knot. Thruster placement allows rotation about
the % axis only and at rates of up to 90°/second. Rotation
about the horizontal axes (pitch and roll) are stabilized by
gravity. Since there is no active contrel about these
axes, the television camera is designed to pan and tilt at
rates of up to 609/second. Camera pan is limited to % 450
and tilt is restricted to % 800.
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The tether between the launcher and vehicle is approxi-
mately 500 feet long and 0.6 inches in diameter and extends
from the top of the vehicle. It is positively buoyant to
lessen the possibility of ent anglement.

Buoyancy of the vehicle can be controlled only prior
Eo launch with the addition or removal of ballast or syntactic
- foam.

Modeling the vehicle as a sphere should give a fairly
good estimate of the drag forces on the vehicle itself; how-
ever, any simulation of the vehicle should also include drag
forces on the tether cable.

Unfortunately, some of the data required for develop~-
ing a simulation (center of gravity, moments of inertia,
center of buoyvancy, drag forces) are not available at this
time. The forward motion drag coefficient has been estimated
as 1.5% .5 from test pool thrust tests and the maximum forward
speed. The vertical separation between the center of gravity
and center of huoyancy ranges between 2 to 4 inches, depend-
ing on ballasting and optional equipment included.
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RCV=-150

_SYSTEH CHARACTERISTICS

VEHICLE

standard Operating Depth

Optional Maximum
Operating Depth

Maximum Operating Current

viewing Range

Target Detection Range

Speed (still water at any
operating depth)

Direct Lift Capacity

Emergency Location
and Recovery Devices

Sensors, Standard

610 meters (2,000 feet)

2,000 meters (6,600 feet)
Creater than 2 knots

4.5 meters (15 feet)
clear water, no ambient light

30 feet to 20 inch dia. white
target in clear water, no
ambient light

Forward, 2 knots

Reverse, 1.5 knots
Port/starboard, 1 knot
uUp/Down, 1 knot o
cw/ccw rotation, 90 /second

40 kgs (88 pounds)

Acoustic pinger, strobe flasher
and tether cable cutter (standard)

Television with internal pan
and tilt

Search sonar: Sector sweep
or side scan

Vehicle pitch angle

Vehicle recll angle

vehicle magnetic heading
Vehicle turn rate

Vehicle depth

Altimeter

Hydraulic ¢il temperature
Seawater intrusion alarms
Electronice temperature
Hydraulic pressure
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Sonar Console

Figure 8.1 Major RCV-150 System Units
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Sensors, Optional

Tools Manipulator:

Cable Cutter:

Soft Line Cutter:

Electronics Housing

Lights

Vehicle Power

Propulsion

Vehicle Control
deading
Depth
Fore & Aft, Port & Stacboard
Pitch/Roll

Structure

Buoyancy

Hydraulic, electrical power and
contrel interfaces for customer,
requested options

Four (4) degrees of freedom;

total length 1 meter (3 feet);
capable of handling 10 kg (22
pounds) of weight at full hori-
zontal extension or 40 kg (88
pounds) directly below the vehicle

Abrasive cut-off saw; cuts 2 com.
(0.75 in.} dia. improved plow

. steel stranded cable in less than

3 ninutes

Up to 2 em. {0.75 in.) diameter
polypropylene or manila line

Single housing contains telemetry,
sensors, television camera, and
micro computer control to minimize
interconnect wiring between housings

Four (4) 250-watt tungsten guartz
jodide lamps, individually controlled

15 electric hp (electro/hydraulic
converter)

Four (4} 25 em. (10 in.) diameter,
thrusters: 2 longitudinal; 2 verti-
cal/transverse {vertrans)

Gravity stabilized
Automatic control,
Automatic control,
Fully propertional
speed

fully propertional
fully proportional
in direction and

Noncorrosive, nonmagnetic, syntactic
foam-£filled glass reinforced plastic
(GRP)

Modular syntactic foam enclosed
in fiberglass fairing
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CONTROL CONSOLES

VEHICLE CONSOLE

Television Display Monitor

Data Display Monitor

Auxiliary Display Monitor

Bar Graph Displays

LED Compass Rose

118

video annotated with vehicle depth,
heading, camera pan and tilt angles.
Selectable second :line with altitude,
time of day, user ID

Vehicle depth, altitude, magretic
heading, camera pan and tilt angles,
vehicle pitch or roll angles, data
error rate, time of day, number and
direction of vehicle turns (tether
cable twists), tether footage
counter, inertial heading, tempera-
ture of electronics, user ID,
hydraulic pressure, hydraulic oil
temperature, launcher latch in-
dicator, and alarm conditions

Sonar display or optional display
from customer supplied eguipment

Vehicle thruster power levels,
hydraulic pressure, electronics
housing and hydraulic oil
temperature, RF signal attenuation

Vehicle heading



Illuminated Switch Bank

Alphanumeric Keyboard

Vehicle Propulsion Joystick

Camera Joystick

Manipulator Joystick

Potentiometer Controls

Footpedal

SONAR CONSOLE

Vertical azimuth servo mode controls
with reference choices of altimeter
or depth and magnetic or inertial
heading; data record; camera focus;
light controls; tether cutter;

cable cutter; stabilization;
hydraulic isolation; and accessory
controls

Provides operator with ability to
enter data into control and display
systems and to access computer
memory for system status

Vehicle commands for proportional
translation forward/reverse, left/
right, up/down, and heading rotation
cw/ccw; thruster trim control; and
trigger and select switch to actuate
manipulator jaws. Customer reguest-
ed control options can be added

Positional control of television
camera pan and tilt angles;
automatic pan return to center

Provides positional control of
manipulator assembly in 3 axes

Monitor brightness and contrast

Remote tether winch control

High resolution sonar display
monitor; sweep sector or side scan

Video Processor--permits picture
enhancement and display expansion.

Sonar Control Unit -- permits range
select, sector scan select, and
transpond mode select capability
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DEPLOYMENT SYSTEM

Deck Winch - A=Frame

Underwater Launcher/Winch

Armored Cable Capacity:

Armored Cable Winch Rate:

Armored Cable Winch:
Maximum Pull:

Tether Cable Capacity:

Tether Cable Winch Rate:

Tether Cable Winch Pull:

Tether Cable

Deck Power Pack

120

(Hydrauliéally powered from Deck
Power Pack)

750 meters (2,500 feet); higher
capacity winches available for
greater depths

0 to 30 m/min (100 ft/min approx-
imately)

2,250 kg (5,000 pounds approxi-
mately)

150 meters ({500 feet) standard
25 m/min (80 ft/min approximately)

Approximately 23 kg (50 peounds
up to 125 pounds adjustable)

500 feet neutrally buoyant

Control Panel:

Main power on/off

Vehicle power on/off

Launcher in/out (tether)

Deck winch power on/off

Control station reset

Main and vehicle voltage/current
displays

Includes 30 electric hp HPU
to operate boom and deck winch

Input power 220/440 vac: 3
phase; 50/60 hz

100 kva for start-up,

36 kva vehicle operating,

63 kva with winech and vehicle
operating



Drag coefficient for translational motion along x-direction, Cx=55

2
&sC:oW

q;ft/éec
f=1bf
Cy=C2z2=Cx -

- - — —— —— A o T i, st

- approximate moment of inertia around x-axis, Ix=2560 1lb.ft

Iy=I2=1Ix

- —— D P D A Sy o ——

Drag coefficient for rotational motion Cy=150
T = Co.p? ,

P= radian/sec
T= 1bf.ft
Cy=Ce=Cy

Zssa’ |
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STAB RING

HRUSTER
VERTRAN)

ELECTRONICS
BOTTLE

¢ p
CAMERA HOUSWG

VEHICLE
LIGHTS

MANIPULATOR
ARM

Figure 8,2 RCV-150 System Vehicle
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2) ALVIN

In general, ALVIN’s capabilities are as follows:

1. operate at any depth from the surface
to 3658 meters at speeds of 0 - 3.5 Km/h
2. carry one or two observers and various
internal and/or extermal instrumentation

and tools

3. perform scientific or engineering tasks

4. maneuver within one foot of slopes or
other bottom topography

5. rest on the bottom to perform tasks

6. hover at neutral bouyancy

7. remain submerged for periods up to

approximately ten hours
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The general characteristics of ALVIN are asg follows:

length

extreme beam

alr weight

depth capability

pay load

perscnnel capacity
normal dive duration -

life support duration =~

speed

Scale:

Range:

Resolution:

Acoustic Level:
Sample Rate:

Supply Voltage:
Supply Current:
Operating Frequency:
Depth Rating:
Temperature Rating:
Length:

Diameter:

- 7 meters (23 feet)

- 2.6 méters (8.5 feet)

- 14.65 tonnes (16.15 tons)
- 3658 m (12,000 feet)

-~ up to 450 Kg (1000 1bs.)

3
6-10 hours
210 man-hrs. (70 hrs./3 wmen)

1-99.9 meters standard {(other two and three
digit scales available as anm option).

33 meters typical. Maximum useable range
will depend upon bottom type (rocks vs. mud)
and other environmental characteristics.

0.1 meter.

10 db,reference ! bar at l yard (nominal)}.
2 Hz.

15 te 35 VDC.

20 ma nominal.

100 kHz.

12,000 meters.

-2 C to 50 C (28 F to 120 F).

27.3 em (10.75 1inches).

12.4 em (4.9 Iinches).
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1.

2.

10.
1i.
12.
13,

14.

dry welght 34600 1b.
cruising speed forward 1.2 mph
vertical 1.0 mph
emergency speed forward 2.2 mph
vertical 1.8 mph
center of gravity (Figure 2)
radius of gyrationm 2.0 ft.
drag coefficients: forward .20
up .33
down .26
thrust of stern prop 80 1b.
thrust of each control prop 65 1lb.

time constant of stern prop 1l sec.

time constant of stern prop direction control motor 0.2

rate of direction change of stern prop 10 deg/sec.

maximum direction change +25 deg.
time constant of control props 0.3 sec.
rate of direction change of control props.

right prop 26 degrees/sec.
left prop 30 degrees/sec.

For more technical Iinformation about ALVIN

pleagse refer to Erik Vaaler's thesis,
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* SUBROUTINE SUBNS
gggrgownmnunmvm 1594) TETAR TUHARs TETAFBs TUNAFB2 HT 1 VT » ICOM»
COMMON/NAME2/XX s YY s ALEUsALEDCIIISs UAL;ILI:UHN:UUN:XE;YE:TUNR
X iigg Yfg y TUNAF

IYRD=~4

IXR=2%IXRD

IYR=24IYRD

IXE=XE

IYE=YE

IXEF=XEF

IYEF=YEF

IXX=XX

Ivy=7Y

IF(INT.EQ.1) GO T0 10

ALEU=THE LENGTH OF THE ENVIRONMENT THAT APFEARS ON THE UPPER
PART OF THE SCREEN.

ALED=THE LENGTH OF THE ENVIRONMENT THAT APFEARS ON THE LOMER
PART OF THE SCREEN.

THE MAXIMUM RATIO OF THE ALEU TO ALED IS 16.

e lwlyiwlelelyle

NT=1

ALEU=ALEL#2
TYPE %:‘1 OR -1’
ACCEPT XyNAD
CALL MGINIT
CALL SETINT{13)
SCU=4000/ALEU

INT4=0
61=-1500./5CU
62=1000.+61

G3=62
54=1000.462
55=-2000,
G4=-1000,461
67=64
48=2000
69=04

G
322-1000.+G1
633=622~3000,

HI"IOOO XSCU
SCh=4000./ALED
SCﬁLEU=ﬁLEU/BOOO
SCALED=ALED/4000

IN THIS SECTION THE LOWER ENVIRONMENT DATA IS READ IN FOUR SECTIONS.

DPENCUNIT=1,NAME="PATH.DAT/ s TYPE="0OLD")
CALL NPOINT(ILL)
CALL SETINT{0)
CALL NPOINT(IENLI)
CALL LBTRN3(1.-D.sO.uO.rO.:l-nO.vO )
1000 READ(1,%) IDN,IXC,IY
IF(IDN.ER,1)CALL HUUEI(IXC!IYC)
IF(IDN E0.2)CALL DRAWI(CIXC.IYC?
IF¢IDN,EQ.0) GO TO 2000
GO TD 1000
2000 CALL MGSEND
ALl NPDINT(IL?)
CALL SETINT(O)

[ ier] e
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3000

4000

SC09

6000

7000

8000

[plxiely

71

7
74
73
76

77

CALL MPQINT(IENL2)

CALL LDTRN3(10!°|!00!00!0;!1.!0|!00)
READ{1,%) 10Ny IXCsIYC
IF{ION.ED.1)CALL HMOVEICIXCsIYC)
IF(IDN.EQ.2)CALL DRAWI(IXC,IYC)
IF(ION,EQ.0)G0 TD 4000

GJ TO 3000

CALL MGSEND

CALL NPOINT(ILI)

CALL SETINT(O)

CALL NFOINT(IENL3)

DQLL LDTRNZ‘I.IO&!O.!OQ!O.!lt!O.!O.)
READ{1:%)IDNsIXC,IYC
IFCIDN.EQ.£3CALL MOVEI{(IXC+IYC)
IF(IDN.EQ.2)CALL DRAWI(IXC,IYC)
1IFC(IDN.EG,0)G0 TO 4000

60 TO 5000

CALL MGSEND .

CALL NPODINT(IL4)

CALL SETINT(Q)

CALL NPOINT(IENL4)

CALL LBTRNS(IO’O!'00!0"0.’1!'00’00)
READ{1+%)IDNsIXC»IYC
IF(IDN.ED.1)CALL HOVEI(IXC,1IYC)
IF(ION.EQ,2)CALL DRAWI(IXC,IYC)
IF{IDN,EQ.0)G0 TO 8000

GC TO 7000

CaALL MGSEND
CLOSE{UNIT=1,DISPOSE="SAVE")

IN THIS SECTION THE LOWER ENVIRONMENT DATA IS READ IN FOUR SECTIONS.

OPENCUNIT=1NAME='PATH.DAT’ s TYFE="0LD")
CALL NPOINT(IL1IR) -

CALL SETINT(O)

CALL NPOINT(IENLIR)

CALL LDTRN3(1.!0.!°!’°.!°Qllo!Othr)
READC1 %) IDNs IXC,IYC

IF(ION.EQ. $)CALL KOVEI(IXC»IYC)
IF(IDN.EQ.2)CALL DRAWICIXC,IVC)
IF{ION.EQ.O) GO TO 72

G0 TO 71

CALL MGSEND

CALL NPOINT{ILZR)

CALL. SETINT(O)

CALL NPDINT(IENLZ2R)

CALL LOTRN3(1,90.90490,90,01.70:90.)
READ(1»X)IDNyIXC,IYC
IFCIDN.EQ.1)CALL MOVEI(IXC,»IYC)
IF(INN.EQ.2YCALL DRAWI(IXC,IYC)
IF({IDN.ER.0)G0 TO 74

60 TO 73

CALL MGSEND

CALL NPOINT(ILI3R)

CaLL SETINT(0)

CALL NPOINT(IENL3R)

CALL LBTRN3(1-90&!°0!0-!0.!10!0:!00)
READC1+X%) EDNs IXCeIYC
IFCIDN.EQ.1)CALL MOVEI(IXC»IYC)
IFCIDN.EQ.2)CALL DRAWI(IXC,IYC)
IFCION.EQ.0)G0 TO 76

80 TC 75

CALL MGSEND

CALL NPOINT(ILAR)

Call SETINT(0)

CALL NPOINT{IENLAR)

CALL LOTRN3¢1.70.90490070:51,90.20.)
READCL» %) IDN»IXCo1IYC
IFCINNLEQ.1)CALL MOVEI(IXCsIYC)

If (IDN.EQ.2)CALL DRAWICIXC,IYC)
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IF(IDN,ER.0)GO TO 78
Go 10 77

7B CALL MGSEND
CLOSE(UNIT=1,DISPOSE="SAVE’)

IN THIS SECTION THE LOWER ENVIRONMENT DATA IS READ IN FQUR SECTIONS,

OPENCUNIT=1sNAMES’PATH.DAT’»TYPE=OLD’)

CALL NFDINT(ILIL) .

caLL SETIMT(O)

CALL NPRINT(IENLIL)

CQLL LDTRNS(I.:0.!0.!0.!0.!1.;0-:0.)
21 READ(1s%) IDNs IXCSIYE '

IF{IDN,EQ.1)CALL MOVEI(IXC,IYC)

IF{IDN,EQ.2)CALL DRAWI(IXC,IYC)

IF(IBN.EQ.0) GO TO 172

50 7O 171

172 CALL HGSEND

. CALL NPOINTC(IL2L)
CALL SETINT(OQ)
CALL NPOINT(IENLZ2L)
CaLL LBTRNS(I.!00!0.!00!00!10!0.!00)

173 READ(1+X)}IDNsIXCsIYC
IF(IDN.EQ.1)CALL MOVEICIXC»IYC)
IF(IDN.EQ.2)CALL DRAWI(IXC,IYC)
IF(IDN.EQ.0)GO TO 174
60 TO 173

174 CALL MGSEND
CALL NPOINT(IL
CALL SETINT(O)
CALL NPOINT(IE
CaLL LDTRN3(1

175 READ(1,X)IDNy
IF(IDN.EG.1)C
IF(IDN.EQ.2)C
IF(IDN.EQ.0}G
60 TO 175

174 CALL MGSEND
CALL NPOINT(ILAL)
CALL SETINT(0)
CALL NPOINT(IENLAL)
anL LnTRN3(10lOo!Oo!Oo!Oo!io’Oo!Oo)

177 READ(15%)IDNsIXC,1YC
IFCIDN.EQ.1)CALL MOVEI(IXC,IYD)
IFC(IDN.EG.2)CALL DRAWICIXC,IYC)
IFC(IDN.ER.0)GO TO 178
G0 TO 177

178 CALL MGSEND
CLOSE(UNIT=1»DISPOSE=SAVE')}

accoIs

3L)

NL3L)
nlOthn!Oo!Oo!lo!Oo!Oo)
IXCIYC

ALL HOVEI(IXC,IYC)

ALL DRAWI(IXC»,IYC)

0 10 176

THE DATA FOR UPPER ENVIRONMENT IS READ.

[xlylylwly

OPENC(UNIT=1yNAME='PATH.DAT’»TYFPE=/0LD’)

Caill RPOINT(ILIL)

CALL SETINT(D)

CALL NPOINT{IENML)

CQLL LDTRN3(1.:0.;0.!0.;0.!1.’OorO.J
101 READ(L,%)YIDN,IXC,IYC

IYC=IYC4+SHIFT

IF{IDN.EG.1)CALL MOVEI(2XIXCs22IYC)

IFCIDN.EG.2)CALL DRAWI(2XIXC,23IYC)

IF{IDN,.EG.0) GO TO 102

- G0 TO 101

102 CALL MGSEND

CALL NPOINT¢ILI2)

CalLL SETINT(Q)

CALL NPOINT(IENM2)

CALL LDTRN3(1¢70.90.90.50.714504204)
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103

104

105

104

107

108

READ(1,%)IBNsIXCoIYC

IYC=IYC4SHIFT

IF(IDN.ER.1)CALL MOVEI{28IXC»2%XIYC)

IFCIDN.EQ.2)CALL DRAWI(2XIXC,s2RIYC)

IF(IDN.EQ.0)G0 TO 104

G0 70 103

CalLL MGSEND

CALL NPOINT(ILI3)

CALL SETINT(O)

CALL NPOINT(IENM3)

CALL LDTRNZ(l.rO-:O.!O.!O.!I.!0.!0.)

READCL»%)IDNsIXCoIYC

IYC=IYC+SHIFT

IF¢IDN,EQ,1)CALL MOVEI(2%IXCy2%IYC)

IF(IDN.EQ.2)CALL DRAWI(2XIXCs2XIYC)

IFCIDN.EQ,0)G0 TO 106

G0 TO 105

CALL MGSEMND .

CALL NPOINT(ILI4)

CALL SETINT(O)

CALL NPOINT{IENM4)

CALL LDTRN3(:.70470490.90.31,490420,)

READC1s%)IDN>IXCrIYC

IYC=1YC+SHIFT :

IF(IDN,EQ.1)CALL HMOVEI(2XIXCs2%IYC)

IF(IDN,EQ.2)CALL DRAWI(2XIXC:23IYC)

IF(IDN.ER.0)G0 TO 108

GO TO 107

CaLL MGSENTD

CLOSE(UNIT=1,DISPOSE='SAVE")

CALL NFOINT(IC)

DﬁLL LBIRNs(ii70-10'!00$0.!10!°o!003

CALL SETINT(13)

CALL MOVEIC(18+IXR:IYR)

CALL DRAWI(124IXRs2+1YR)

CALL DRAWI(104IXRy12+1YR)

CALL DRAWI(IXRs10+4IYR)

CALL DRAWI(-24IXRs24IYR)

CALL DRAMI(-22+IXR,-2+IYR)

CALL DRARI(~28+IXR,»IYR)

CALL DRAWI(-28+IXRs-8+IYR)

CALL DRAWI(=-22+IXRs-4+1YR)

CALL DRAWI(-10+IXR,-14+IYR)

CALL DRAWI(28+IXRy-14+IYR

CALL DRAWI(28+IXRs-12+1 E
)
)
)
)

CALL DRAWI(I&4IXRys-B+IY

CALL DRAWI(144IXRr-441Y

CALL DRAWI(18+IXR,IYR)

CALL MOVEI(104IXRs124IY

CALL DRANWI(30+IXRs12%1YR
MGSEND

CALL NPOINT(I1)

CALL LDTRNs(IOFOD'Ol’OD’OO’1.!00’00)

CALL NPOINT(I2)

CALL SETINT(10)

CALL MOVEI(-2B4IXRsy-4+1YR)

CALL DRAWI(-48+IXR»-4+1YR)

CALL DRAWI(-40+IXRs-2+IYR)

CALL MOVEI(-48+IXRs-4+1YR)

CALL DRARI(-40+IXR»-4+IYR}

Y
CALL DRQHI(20+IXR:-12+IE
R
R

-~ CALL MGSEND

CALL NPOINT(IZ)

CQLL LBTRN3(10!00!Ool00!0.!1.’0-!0-)
CALL NPOINT(I4)

CALL SETINT{(10)

CALL MOVEI(18+IXR»-4+¢IYR)

CALL DRAWI{(3B+IXRy-4+IYR)

CALL DRAWI(I0+IXR,-2+1YR)

CALL MOVEI(38+IXRs-44IYR)

CALL DRAWI(30+IXR»-4+IYR)
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CALL
CALL
Cal.L

HGSEND

HPOINT(IS)
LnTRNz(loQOo!Ot!Oo!00!1.!0-!0')
NPDINT(I4)

SETINT(10)
HOVETCIXRy10+IYR)
IRAWICIXR2304+1IYR)
DRAWI(2+IXRy22+IYR)
MOVEI{IXRs30+1IYR)

DRAWI (-2+IXR»224IYR?
HGSEND :
NPOINT(17) :
LDTRNB(I.!O.!O.!O'!0-;1.!0.rO.)
NFOINT(I8)

SETINT(1Q)
MOVEI(IXRy-14+IYR)
DRANI ( IXR»-24+IYR)

DRAWI (2+IXRs-24411YR)
HOVEI (IXRs-3441YR}
DRAWI(~2+IXRr~246+41YR)
MGSEND

NFOINT(ID)
LDTRN3(1090|!00fOt’°0!10'00!00)
SETINT(10)
MOVEI(F+IXRD»1YRD)
DRAWI(46+IXRDs1+IYRD)
IRAWI(S+IXRD»&+1YRD)
DRAWI(IXRD»S+IYRD)
DRAWI(-1+1XRDs14+IYRD)
DRAWI(~114IXRD,-1+1YRD)
DRAWI(-144IXRD:1YRD)
DRAWI{-144IXRD,~4+IYRD)
DRAWI (~114IXRDs-3+IYRD)
DRAWI(-S+IXRDs-74IYRD)
DRANI(144IXRDs-7+1YRD)
DRAWI(144+IXRD,-6+1YRD)
PRAWIC10+IXRDy~&41YRD)
DRANI{8+IXRD,—4+1YRD)
DRAWI (8+IXRDy-2+IYRD)
DRABI(S+IXRDs IYRD)

NGVEI (S+IXRDs&6+IYRD)
DRAWI(154IXRD,4+1YRD)
MGSEND

SETINT(?)

NPOINT ( IDUMY)
LDTRN3(190,20450.10411,90.90.)
NPOINT (IRADD1)

HOVEI(0:0)

NPOINT({IRADD2)

BRANI{0:0)

MGSEND

SETINT(?)

NPOINT (IDUMF)
LDTRN3(1!0.!0;!0.!00!10!00!0.)
NPOINT(IRAFF1)

MOVEI(0s0)

NPOINT{IRAFF2)

DRAWI(0:0)

HGSEND

SETINT(?)
NPOINT (IDUNY1)
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CALL LDTRN3{1.50:90.20:70471:20.404)
CALL NPOINT(IRAD1)

CALL MOVEI(0:0)

CALL NPOINT(IRAD2)

CALL DRANI(0:0)

CALL MGSEND

CALL SETINT(%)
CALL NPOINT(IDUMF1)
CALL LDTRN3(1;!0;!°|!0|!00lic!Ot!O-)
CALL NFOINT(IRAF1)
CALL MOVEI{0s0)
CALL NPOINT{IRAF2)
IRAWI(0s0)
CALL MGSEND

HERE WE DRAW A VEHICLE RIGTH ON ITHE UPPER PLANE OF THE SCREEN,
THE VEHICLE DOES NOT MOVE. THE ENVIROMENT OF THE VEHICLE MOVES.
IF(UAL,NE.0)GO TO 24

CALL MODIFY(IC)

CALL LDTRN3(SCU»0¢r0420490.25CU20.2-400.)

HERE WE DRAW TEH ENVIROMENT ON THE LOWER PART OF THE SCREEN.
THE ENVIROMENT DOES NOT HOVE.

CALL MODIFY(IL1)

CALL SETINT(10)

CALL MODIFY(IENL1)

CALL LDTRNZ(SCD»O.s0.sCDIS-2000,%SCDy0.»SCD10.49-18004)
CALL MODIFY(IL2)

CALL SETINT(10)

CALL MODIFY(IENL2)

CALL LDBTRMN3(SCDs0.s0,,CDIS-1000,¥SCDs04»5CDs045-18004)
CALL MODIFY(ILI)

CaLl SETINT(10)

CALL MODIFY(IENLI)

CALL LDTRNI(SCHr0+90.sCDIS90,s5CD20.r~1800,)

CALL MOBIFY(IL4)

CALL SETINT(10)

CALL MODIFY(IENL4)

CALL LDTRN3(SCD20490.sCRIS$21000,%5C020,rSCD20.0=16800.)
CALL MGSEND

CALL MODIFY(IL3L)

CALL SETINT(10)

CALL MODIFY(IENL3L) _

CALL LDTRN3(SCIy0,s0.sCRIS-4000,%SCDs0.»5CDs0.y-1800,)
CALL MODIFY(ILAL) .

CALL SETINT(10)

CALL MODIFY(IENLAL)

CALL LDTRN3(SCDs04s0,+CDIS=3000,%SCD+0.s5CD+0.5-1800.)
CALL MGSEND

CALL MODIFY(ILIR)

CALL SETINT(10)

CALL MODIFY{IENLIR)

CALL LDTRN3(SCDsO.+0.+CRIS$2000.%5CDs0,55CD»0.9-1800.)
CALL MDDIFY(IL2R)

CALL SETINT(1Q)

CALL HODIFY(IENLZR)

CALL LDTRN3(SCD»0,+0,sCPIS$3000,35CH20,95CD20.+-18004)

CALL MGSEND

INI=1
XU=XX/SCALEU
XD=XX/SCALED
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25

777
999

lglwie

300

YU=YY/SCALEU
YD=YY/SCALED

IF(XD.GE.Q) GO TO 4
IF(XD,LT.0) GO TO 3

IN LOWER ENVIROMENT ONLY THE VEHICLE MOVES

XRD=AMOD( (XB42000.¥SCD) » 4000, ¥SCD) -2000 . ¥SCD
CRY=AMOD( (XX+2000,)»4000.)-2000.

GG TO 6
XRD=AMGR{ (XD-2000.¥SCD) »~4000, X5CD)+2000, XSCN
CRY=AMOD( (XX-2000.)r-4000,)+20¢0,

XRDB=XRD+CDIS
IF(VAL.NE.0)B0 TO 25
YYU=-YU+100,
YYD=YD-1500,

60 10 28

IC)
CALL LDTRN3(SCUs0s20.¢20.10.98CU»0,r-400.4Y)
IF(NT.EQ.1)G0 TO 777

NT=1

GO 1O 999

NT=0

IB=10%NT

IN2=(UHN-60)/712041

IN4=-(UHN-60)/120

INB=(UUN-60)7/120+1

INé=-(UUN~-60)/120

IB2=IN2%IB

IB4=IN4%IB

IR4=IN&KIB

I1B8=INBXID

S

100 e O e ol S B e
L b

3 00 o O~ 0 e B0 D
Tt

CALL MOBIFY(I1)
CALL LBTRN3(SCU»0.»0.50.20,5SCU»0.:+-400,+YUDM)
CALL MODIFY(IJ3)
CALL LDTRN3(SCUs0,+30.+0.50,s5CU»04y~400,+YUDM)
CALL MODIFY(IS)
CALL LDTRN3(SCUs»0.20,20,90.+5CU»0,r-400,1YUDM)
CALL MOBIFY(I?7)
CALL LDYRN3(5CUs0.20,¢0.90,»5CUs0.»~400,4YUDM)

IF(CRY.LE,G2.AND.CRY.GE.GL)GO TD 500
IF(CRY.LT.G4,AND.CRY.BT.GI)G0 TO 501
IF(CRY.LT.66.AND.CRY.GE.B5)G0 TO 502
IF(CRY.LE.G8.AND,CRY.GE,573G0 TD 3504
IF(CRY.LE,610,AND.CRY.BE.69)66 TO 303

BIS1=0
D182=(-23CRY-2000) ¥SCU
DISI=-2¥CRY¥SCU
DI154=0

INTi=0
INT2=13
INT3=13
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INT4=0
8CU1=0
sCu2=scU
SCU3 Scu

4=0
IF(DISS 67.-2010,)60 TO 13
DIS2=0

301 DISi=0
0152=0
0153=-2%¥CRY¥SCU
DI1S4={~2%CRY+2000) ¥SCU
INT1=0
INT2=0
INT3=13
INTA=13
SCUi=0

sCu2=0

SCU3=sCu

SCU4=5CU
IF{D1S4,6T.-2010.)60 TO 13
INT3=0

pI183=0
SCU3—O

013
502 BISI=( 2*CRY-4000)¥SCU
DI52=0

DIS3=0
DIS4=(-22CRY-4000) &5CU
INT1=13 :
INT2=0

INT3=0

INT4=13

SCUt=5CU

5CL2=0

SCU3=0

Scu4=Scu
IF(DIgl.GT.-ZOIO.)BO 70 13

DIS4=0
SCu4=0

GO TO 13
503 DIS2=(-2%CRY~-2000)$SCU
DIS1=(-2¥CRY-4000)%SCU
DIS3=0
RIS4=0
INT1=13
INT2=13
INT3=0
INT4=0
5CU1=8CU
SCU2=5CU
§CU3=0

SCU4=0
IF(D182,6T.-2010)60 T0 13
INT1=0 :

D1S1=0
SCU1=0

GO T0 13

504 DISt=(-23CRY+4000)¥SCU
D152=0
1183=0
D1S4=(-2%CRY+2000)¥SCU
INT1=13
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44

45
44

212
211

213
214

[ iwig il

CALL

L MO
CALL

HODIFY{IENM1)

TH18=YYU+HI

CALL
CaLL
CALL
CALL
CALL
CALL
CALL
CALL
CALL

CA
CALL

-
o

LDTRN3(SCU1!0.lOo!DISI!O.rSCUIyO-iTHIS-SOO.)
MODIFY{IENM2)
LDTRN3(SCU250,10,DI152+0,95CU2y0. » THIS-500,)
MODIFY ( IENN3) )
LDTRN3(SCU3s0+20,+DIS320.95CU3+0. ¢ TRIS-500.)
MODIFY(IENM4)
LDTRN3(SCU4!0.rO.!DIS4!0.rSCU4r0.9THIS-500a)
MOGIFY{ID}
LOTRNZ(SCDs0. 50, #XRDD:0, »SCDs 0, s YYD-300.)
MODIFY(IDUMY)
LBTRNa(!.!OI?0.’00’0!?1.’00’0')

IXRID=XRDOD
IYYD=YYD

CALL
CALL

HODIFY(IRADDL)
OVET { IXRDD» IYYD-300)

IF(IXE.GE.0)G0 TO 44
IF(IXE.LT.0)0

IXEL=
GO T
IXEL=

0 T0 45
ANOD( { IXE42000 ., 2SCD) r 4000, $5CD)~2000, ¥SCD

16 .
AMOD{  IXE-2000, XSCD) y—4000., ¥5CD) 2000, ¥SCD

165=IXELXSCD4+CDIS
16=1YE3$SLD~1500

If (TUNA.EQ.10000)G0 TO 212
IF (IG5,56T,2000)60 TO 212
G0 Y0 211

165=IXRBD

I6=IYYD

CALL
CALL

MODIFY( IRADD2)
DRANI {168+ 15-300)

IIYU=YURVAL$100,
I1IXU=0.
CALL MODIFY(IDUMY1)

CALL
CALL
CALL

LnTRNs(Io!Oo!Oo!0.!00!10!0.!00)
MODIFY{IRADL)
MOVEICIIXUsIIYU-500)

DIMF=ABS((XE-XX) /SCALEL)

IF (DIMF.6T,30000.)60 TO 213
IXF={XE~-XX)/SCALEU
IYF=(YE)/SCALEU+100-YUR(1-VAL)
1F (TUNA,EQ.10000)60 TO 213
IF(IXF,GT,2000)G0 TO 213

G0 TO 214

IXF=IIXU

gaLL
CALL

CALL

MODIFY(IRAD2)
DRAWI (IXFsIYF-500)

NBDIFY { IDUMF)

CALL LDTRN3{(1.90.,90¢s0.50.71:204504)
CALL MODIFY(IRAFF1)
CALL NOVEI(IXRDD,IYYD-300)
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IF(IXEF ,GE.0)G0 T0 440

IF (IXEF.LT.0)GD_TO 450
440 TXELF=AMOD{ ( IXEF +2000,XSCD) 4000, $SCD)=2000, ¥SCD

60 _TQ 440
450 IXELF=AHDB((IXEF-ZOOO.*SCD)p—4000.:SCD)+2000.*SCD
440 I1G8=IXELF3SCD+CDIS

I16=1YEF $5CD-1500

IF (TUNAF.EQ.10000)60 T0 2120

If (165,67.2000)60 TO 2120

G0 TO 2110 :
2120 I6S=IXRDD

IG=IYYD
2110 CALL MODIFY(IRAFF2)
CALL DRAWI{165,16-300)

11YU=YUkVAL$100,
1IXU=0, '
CALL HODIFY{IDUMF1)
CALL LDTRH:"(I. 10, !00 #0. !0.!10 10, !0!)
CALL HODIFY(IRAF1)
CALL MOVEICIIXUsIIYU-500)
RIMF=ABRS( {XEF-XX)/SCALEU)
IF{DIMF,.GT.30000.)60 TO 2130
IXF={XEF-XX)/SCALEU :
1YF=(YEF)/SCALEU$100-YUk(1-VAL)
IFf (TUNAF.EQ.10000)60 T0 2130
IF(IXF.GT.2000)6G0 TC 2130
GO TO 2140 :

2130 IXF=IIXU

IYF=1IYU
2140 CALL MODIFY{IRAF2)
CALL DRAWI(IXF,IYF-300)

RETURN
END
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CUHHON/N#HEZ/XX!YY!#LEU!ALED!CDIS!VRLlIHIrUHﬂ!UUN!XE!YErTUNﬁ
+ XEF » YEF r TUNAF
COMMON/NANE3/X 100} Y (100} sSHIB(100) N1
$SE¥DNIDHABUF/IBUH(3B94)!IETABrTUNﬁB!TETAFB!TUNAFB!HT!UT!ICGH!
DINENSION ICHAN{(2)

FLAG=

FLAGF=0 )

INI=0

TYPE #» ‘ENTER ICHO»ICH1,NNNsXSTARTsLENGTH'
ACCEPT %7ICHO, ICHL sNNNsXSTARTLENGTH
TYPE %' I0MAXs TOHIN’

ACCEPT %,I10MAX,IOMIN

TYPE ¥+’ T1HAX TININ’

ACCEPT %,I1MAXs IININ
OFEN{UNIT=1,NAME="ANFO.DAT »TYPE="0LD")
READ(1%)ALEUSALED

READ(1s%)CDIS

READCL»¥OVAL

READ(1,%)AMHAX

READ(1,%)TETAM

REAR(1:%)TETAC

READ(1»X)SHEPT

READ(1%)TIMsIN

READR{ 1 » X)NUMER

READC1s2)ANGCT
CLOSE(UNIT=1,BISPOSE="SAVE’)
OPEN(UNIT=2:NAME=’OFF . DAT/»TYPE=’OLD)
TYPE X 'X2¥Y'

ACCEPT Xy XINIT»YINIT

SLINIT=XINIT

YINIT=YINIT

XMAX=XSTART+LENGTH

}=S?HFLING TIME

AMASS=1075,

DRAGH=45,5

TIMCTH=AMASS/DRAGH

AKH=80, /{40, 8DRAGH)

AllH=1
2%?&53—(T*32)/(2!T1HCTH)
A22H=1-(T/TIMCTH)+((T/TIMCTHIX¥2)/2.

SIGIH=( . S%(T¥22)~(TE¥3)/ (SETIMNCTH) ) ${AKH/TINCTH)
SIG2H=( T-{Tk%2) 7 (24 TINCTH)$ ((T/TIMCTH)X$2) XT/6. ) ¥KAKH/ TINCTH

T=.1 i

AMASS=1073.
DRAGY=84.
TIMCTV=AMASS/DRAGY
akV=130./ (40, XDRAGV)

Al1V=1

A12U=T-(TEX2)/(23TIHCTV)

A21V=0
A220=1-{T/TINCTV)+((T/TINCTV) $%2) /2,
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SIGIV=(,SK{TER2)-(TE%3) /{6XTINCTV) )R (AKV/TINCTV)
g{ﬁ%g;é;-(T*¥2)/(2#TIHCTU)+((T/TIHCTU)#!Z)*T/é.)*hKU/TIHCTU

X
Yi=YINIT

NN=1

CALL MARK(1,IW,0,1DS)

1 IF(TIN.EQ.0)GO TO 333
CALL WAIT(IN;O,IDS)
CALL MARK(1,IW,0,IBS)

[T Lor ] o]

33 IF(ICON,EQ.1)G0_TO 1003
CALL AIN(ICHO,IIO)
CALL AINCICH1,II1)
IUV=IT0/NNN
IUH=TI1/NNN
IF(IUH.GT.114AX) 60 {

g3
6§(IUH.LT.11HIN) GC TO 4

2000

IF(IUV.GT.JONAX) GO TD 31
IFCIUVL.LTY.IOKIN) GO TO M

41 gwln-ao
1003 UVN=VT

UHN=:
21 CALL MOTOR7 (NUMER» TETADsSWEPT» TETAM» TETAC» ANGLT)
TETA=TETAD*3.1415/180,

gl p]

XIN=A11HEX1+A12HEX24STG]HEUKN
X2N=A21HEX1+A22H X2+ STG2HAUHN
X1=X1N

X2=X2N

XX=Xt

lor JorFup {p]

YIN=A11VRY1+A12VEY245IG1VELUUN
Y2N=A21V1Y14A22VRY24SIG2VEUVN
Yi=YIN

Y2=Y2N

YY=Y1
IF(XX,LT.XSTART)GO TO 122
WRITE{2+R)XXsYY

122 CALL SONM7(XX:YYsTETADs TUNAsXEs YEsFLAGy AMAX)
Etk& ?ONF?(XXrYYrTETﬁFB;TUNﬂF:XEFrTEF:FLAGF:hHAX)
FLAGF=1
CALL SuBM8
IF XX LT XMAX)GO TO 1
CLOSE{UNIT=2,DISPOSE="SAVE’)
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SUBROUTINE SONM7 (XXsYYsTETADs TUNAy XE+ YEs FLAGs ANAX)
ggg?ON/DHﬂBUF/IDUH(3894)rTETABrTUNQB:TETAFB!TUNAFB:HT:UT!ICOH;
DIMENSION NUM %Og

{
COHHDN/NAHES/§ 1Y(100) s SHIR(100) s N N1
A

CINT,DAT’ TYPE='0LD’)

[y
~a
el

1

IF (FLAG.EQ.1)G0

OPEN(UNIT=1sNAHE=
READ(1+%)N

Ni=N-1

)
0)
T0
‘P

READ THE PCINTS

DO 1 I=tsN
READ (1, XINUNCI )9 X(I) YLD
CLOSE(UNIT=1,DISPOSE=SAVE’)

REVERSE THE DATA JUST FOR CONVENIENCE
NIN=N/2

DO 155 I=1,20
TYPE &NUK(I)sX(I)sY(D)

CALCULATE THE TANGENTS
THE TANGENTS ARE JUST USEFUL TO FIND THE INTERSECTION POINTS

BETWEEN THE LINE SEGMENTS OF THE ENVIRONMENT AND THE BEAM.

D0 2 I= fsN1
I1=1+1
SHIB(D=(Y(I1)-Y{(D1))/{X(I1)-X())

FETCH THE VALUES FOR THE LOCATION OF THE VEHICLE.

T ASSUME THE VALUE THAT THE BEAN 6ETS IS EGUAL 5000.
TYPE %21 DID THE CALCULATION’

IF{XX.GE+0)GD T0O 980
IF(XX.LT.0360 TO 981

XRD=AMOD( (XX$2000. ) s4000,)-2000,
60 TO 982

XRD=ANOD ( (XX-2000.)y~4000,)+2000.,

XX=XRD
TETA=TETAD%3.14159/180
EXACT=ANAX

FIND THE INTERSECTION BETMEEN THE BEAM AND EVERY LINE.
121 MEANS LINE #1
I=2 MEANS LINE #2
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I=0
I=I+1

Ii=I+1

WHEN I=N » THE INTERSECTION BETWEEN THE BEAM AND THE
LAST SEGHMENT OF THE ENVIRONHENT HAS BEEN CALCULATED,
AND THE PROGRAH SHOULR GO TO 13

IF (1.EQ.N)GO TO 13 L

e

CALCULATE THE VALUE FOR THE INTERSECTION FOINT.

IF (ABS(TETAD).EQ.90)GD TO 8
A=TAN{TETAI EXX-YY
B=-SHIB(I)XX(1)}+Y(I)
C=TRN(TETA)-SHIB(I)

IF (ABS¢C).6T.0.0001)G0 TO 120
Eﬁi'EXﬁCT!ﬁBS(R+BJ/(A+B)

2=-EX1
IF (C 6T.0.AND, C.LT..OOO!)XIN EX1
IF (C. LT 0.AND.C.GT.-,0001)XIN=EX2

GO TO
XIN=(#§B)/C

OO0 O0O0O0ac on

-3
o

FOR EVERY LINE CHECK IF THE INTERSECTION POINT IS IN FRONT OF
THE VEHICLE OR NOT.

IF (XIN,LE.XX) GO TG 13
IF NOT IGNORE THAT FOINT AND GO TD i3

GO 70 9
XIN=XX

CHECK IF THE POINT LIES ON THE LINE OR NOT,

G=(XIN=X¢I1) MH(XIN-X{I))
IF{(G.LE.0)GO TO 5

GO TG 13
YIN=SHIBCI)R(XIN-X(I))$Y(1)
DIS=DISTANCE BETWEEN THE VEHICLE AND THE ENVIRONMENT

DIS=SORT{ (XX-XIN)RX2# {YY-YIN) $%2)
IF (DIS.BT.EXACT)IGO TD 13
EXACT=DIS

XE=XIN

YE=YIN

13 IF¢X(I),6T,~2000)G0 10 &
IF(EXACT .NE.ANAX)GO TO 1
TUNA=10000
XE=0
YE=0

G0 70 7 '
14 TUNA=EXACT
7 TUNAB=TUNA

TETAB=TETAD

RETURN

END

N
f e

wWOOODOW OOOHGOOOD -

e iy leld ]

4
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34

1

4
-

1

L

SUBROUTINE HOTOR7{NUMER,TETADySWEPTsT
$SE¥ON/DHQBUF/IDUH(3894)nTETﬁBrTUNﬂBr
If (NUMER.EG.1000)G0 TO 33
15=5SWEPTXi0,

1F (NUMER ,EQ. IS)NUMER=0
TETAD=TETAMXCOS (2,43, 1415NUMER/18) /2
NUMER=NUKER+1 :

GO TO 34

TETAD=ANSCT

RETURN

END
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) %gE?OH/DHhBUF/IDUH(3B94)sTETﬁB:TUNthTETﬁFB!TUHQFBsHTyUT:ICDH:

REAL YOU{1Q)

TETAB=ANGLE OF THE HOVING RADAR
TUNAB=THE VALUE OF THE MOVING RADAR
TETAFB=ANGLE OF THE FIXED RADAR
TUNAFB=THE VALUE OF THE FIXED RADAR
HT=VOLTAGE TO TEH HORIZENTAL MOTOR
YT=VOLTAGE TO THE VERTICAL MGTOR
TNGT=TANGENT OF THE ENVIRONMENT

THIS SOFTWARE ANALYZES THE DATA COMING FROM THE MOVING RADAR
AND ASSIGNS ANGLE FOR THE FIXED RADAR.

i ¥ CLOCK WORKS
? i CLOCK DOES NOT WORK

TUNAFB=0
WHEN THE MOVING RADAR REACHES TO TETAS ONE LOOP OF THE ANALYSIS IS

DONE AND THE COMMAND FOR THE FIXED RADAR WILL BE SENT.

TYPE %»’ENTER ALP»CTE 40 AND 20 ARE GO0D CHOICES’
ACCEPT %sALP,CTE

TYPE ¥»’EMERGENCY ANGLE»QWER»TA’

ACCEPT %sEMERG,OWERsTA

CTE=VERTICAL DISTANCE TO THE ENVIRONMENT
ALP=RADAR DISTANCE TO THE ENVIRONMENT

CALCULATE THE TANGENT OF THE ENVIRDNMENT

SIGXY=0.
SI1GX=0,
SIGY=0,

 8I6X2=0,
N=0

IF(1,E0,0)G0 TO 3
CALL WAIT(IW,0,IDS)
CALL MARK(1,IW»0s1IDS}

ANY VALUE OF THE MOVING RADAR WHICH IS 100 LARG CAN RE CONSIDERED.
THEREFORE IF THE VALUE THAT COMES FROM THE MDVING RADAR IS 10000

GO 10 1
IF(TUNAB.EQ.10000)G0 TO 1

;EgﬁgNGLE OF THE HOVING RADAR "TETAB'IS GRABED, °TETAF® IS EQUAL THE

TEYAF=TETAB
ANG=TETAF%3,1415/180.

THE VALUE OF THE MOVING RADAR °"TUNAB® IS FETCHED. °*AMP® IS EQUAL
TO *TUNAB®

AHP=TUNAB
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C CALCULATION FOR TANGENT OF THE ENVIRONMENT

X=ANPECOS (ANG)
Y=AMPESIN(ANG)
SIGXY=8IGXY+XkY
SIGX=SIGX+X
SIGY=5IGY+Y
SIGX2=SI6X2+X%%2

N=N+1

WHEN THE ANGLE OF THE MOVING RADAR IS EGUAL TD TETAS THEN SEND
TANGENT OF THE ENVIRONMENT TO CALCULATE TEH ANGLE OF THE FIXED RADAR

[grlor ]l wlar T or BN o]

IF(TETAF .NE,TETAS)E0 TD 1
ANUM=STOXY-SIGX¥SIGY/N
ADNUN=51GX2-(S1GX¥x%2) /N

IF (ABS(ADNLUM).LT,.001)60 TO 2

TNGT= TANGENT OF THE ENVIRONMENT

OO0

TNGT=ANUM/ADNUM
ER=-(.1/TA)
A=EXP(ER)
B=1-EXF(ER)

SEND THE TANGENT OF THE ENVIRONHENT 70 CALCULATE THE ANGLE OF THE
FIXED RADAR,

CALL MATH(TNGTyALP:CTE,SHIB)}
OPTA=ATAN(SHIB)X350,/3,1415
IF (TUNAFB,NE.10000)G0 TO 343
YN=EMERG
60 TO 346

345 YN=YBX¥A+B30PTA
IF (YN.GT.YB)GD TO 344
DY=ABS(YN-YB)
YN=YN-DYRGWER

346 YB=YN
TETAFB=YN
SHIB=OPTIMUN ANGLE OF THE FIXED RADAR

ATy

lolelyl

. 80 70 2
END
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[t Rarlowlor] o

- .

®* REAL MOMsKAIK1sK29K3sH1sN1sP1sH2sH2sP2;DNsNUSN
REAL LAST1,LAST2,LAST3sL1sL2sL3
DIMENSION IIR(3)sAIIR(3)»ICHAN(S)AIR(S)
COMMON/NAME /U7 U85 U? yU7B s USEs UFB  AHX s AHXB s ANY »
1 AWYR:AMZ1ANZBs ToDISTYsDISTZ+TXs TYs TZyANGSEL,ELByX11B
COMMON/DMABUF/ IDUN(3894) r 11(7)+11(7) 2 12(7)513(7) s 18(7)>

1 F1sF2;1CTLsX(18) sALNGT sAKP

TAU=TIME CONSTANT OF THE THRUSTERS
DAMP=LINEARIZED DANPING COEFF.
GAIN1=DC GAIN OF THE VEHICLE .
GAIN2=DC GAIN OF THE THRUSTERS.

TYPE %s’ENTER TAU IN SECONDS.’
ACCEFT *,TAU
TYPE ¥s‘ENTER #1-ZITA1:PR1’
ACCEPT %,N1:ZITAL1sPRL
TYPE %y’ENTER SAMPLING TIME IN MILISECONDS. SAMPLING TIME SHOULD
1 NOT BE SMALLER THAN 30 MILISECONDS.,’
ACCEPT %77
TYFE ¥s ‘ENTER THE LENGTH OF THE DIST:AMP’
ACCEPT X¥sALNGTsANP
TYPE ¥+ ’ENTER THE XMIN»XMAX'
ACCEPT ¥;XMIN»XNAX
TYPE ¥+ /ENTER YMINsYMAX'
ACCEPT %y YMINs YNAX
TYFE %y ’ENTER THE DISTANCE FROM THE BOTTOM’
ACCEPT %,DISTA '
T=TT/1000.
. ﬂHX=0.0
AlY=0,0
AKZ=0.0
AMXE=0.0
AKYR=0.0
AMZR=0.0
U7p=0.0
Usp=0.90
U98=0.0
U7=010
ug=0,0
ue=0.0

Mi,N1,P1 ARE THE COEFFICIENTS OF THE CLOSED LOOP CHARACTERISTIC

EQUATION.,

M{=COEFFICIENY OF [2%%2]
Ni=COEFFICIENT OF  {Zkki]
P1=COEFFICIENT OF [Z¥%0]
wD1=DAMPED NATURAL FREGUENCY

Whi=W1%SORT (1-ZITA1%%2)
PPR1=EXP(-PR1XY)
ER1=EXP(~-ZITALIIWILT)

M1=-28ED1XCOS (WD1XT)-PPR1
Ni=ED1x¥2+2, kED1SPPRIXCOS(WD1XT)
Pi=-PFRI1X(EDI13%¥2)

TYPE ¥»/NATURAL FREQUENCY Wi=’y Wi
TYPE &, 'DAMPING OF THE SYSTEM ZITAL='ZITAl
TYPE %»/THIRD POLE PRi=‘+PR1
TYPE ¥7/Mi=’pN1

TYPE %5 ‘N1=’sN1

TYPE %»'P1='»P1

M2 AN2;§2 ARE THE COEFFICIENTS OF THE OBSERVER CHARACTERISTIC

EQUATION,

M2=COEFFICIENT OF [Z$%2]
N2=COEFFICIENT OF [Zxx1]
P2=COEFFICIENT OF CZ*30]
ZITAZ2=21TAl

W2=5. %W1

PR2=5.%FR1
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WD2=W2%SORT(1-ZITA2%X2)
PPR2=EXP(-PR2XT)
ED2=EXP(-ZITAZIN2XT)
TYPE %/WD2=',4D2,’PPR2=’ PPR2,'ED2="+ED2
H2=-2%¥ED2¥COS(ND2%T)=-FPR2
TYPE ¥y ED2=",ED2y ‘PPR2’ sPPR2s ‘WD2="1UWD2
N2=ED2%%2+2, REN2XPPR2XCOS (WD2%T)
p2=-PPRIXL{ED2AX2)
TYPE *r'“2='!U2:'ZITﬂ2='!ZITAZ!'PR2='!PR2!'H2='!HZ!'N2=’!N21'P2=’rP2
DAMP=24,
6AIN1=1,
GAIN2=1.
GAIN=GAIN1XGAINZ
Do 3133 I=1,18
333 X(I¥=0,0
MOM=4,
Ti=TAU
T2=M0M/DANP
TYPE Ks“T1='sT1ls’'T2=%y72
KA=GAIN/DANP
TYPE %y 7KA=" 1KA2 'R1=7sR1s 'R2=/1R2» ‘R3="+RIs 'R4="+R4
GA=EXP(-T/T1)
GB=EXP{-T/T2)
TYPE &:'GA='sGAr’GB=/,06R

=\

R2=0,

Ei=(1-GA)EKAX(T-T2%{1-GB})
BO=(1-GA)EKAL(-TIGB+T2%(1-6B))
A2=-6A-GB-1., :

A1=GAXGB+GA+GB

AO=-GAXGER

Ki=-A24H1

K2=-414N1

K3=-a0+P1 . .
TYPE K¢’RB3=’sB3y’B2="382y’Bla’+B1is’'B0="+B0
TYPE %1 ’A2=’' sA2y 'Al=/sALs ‘AD=' A0

TYPE %y’Ki=’3K12’K2=9K2s'K32*+K3
Hi=B2-BI%A2

HZ=R1-B3¥Al

H3=B0-A0XB3
TYPEitr’Hl=’!Hl!'32='|H2!'H3='!H3

C2=-Hi$A21H2
C3=H1k(A23%2-A1)-A23H21H3

C4=H2

CS=-A1¥H1+H3

Co=H1¥(A2%A1-A0) -ALXH2

C7=H3

C8=-A0RH1

C9=A2KA0XH1 -AORH2
BETHCI!(CS!C9-06ICB)-C4¥(C2*C9—C3IC8)+C7¥(CZ*06-C3§CS1

TYPE %»/C1='9C1s’C2=*9C2:’C3=’sC3+’C4="+C4s'C5="L
TYPE &y /Cé=’yC8s’C7="9C71/C8=’9CBy 'C9=* [P 'DET='yDET
LAST1=(CAXCB-C72C5)/DET

LAST2=(C24C7-C1%C8) /DET

LAST3=(C12CS-C2¥C4)/DET
TYPE %»/LAST1='LASTL)’LAST2="yLAST2y ‘L AST3=yLAST3

CHAR1=-AZR(A2282-A1 ) +A2BA1-A0+H2X (A28%2-A1) -N2XA21P2
CHAR2=A2X%2-A1-N2EA2+N2

CHAR3=-A24M2
CHAR4=-A1K{A2XK2-A1)A0RAZHH2E(ARAL-AQ) ~-N2EAL

CHARS={A23A1-A0)-H2¥AL4+P2

CHARé=-A11N2

CHAR7=-A0% (A2X%$2-A1) +M2XA0RA2-N2XA0
CHARS=A2XA0-H2¥AD

CHAR9=-A01P2
L1=LAST1XCHARL+HLAST2XCHARAHLASTIXCHAR?
t 2=LAST14CHAR24LAST24CHARS+LASTISCHARS
L 3=LAST1¥CHARI+LAST2XCHARS+LAST 34CHARY
TYPE &y ‘Li=’sL1y L2502, 'L3="513
C1=1+A24K1+L13H1
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C2=L2%H1-1
C3=L3%H1
C4=A11K2+L1xH2
€3=1+L2%H2
C6=L3%H2-1
C7=A0+K3+L1%XH3
C8=L2%H3

CP=LIxHI+1
BET-CI*(ES*C?-CéICS)-C4*(C2¥C9-CB#CB)+C?#(C2*C6-Cg§€5)

TYFE £317C1=’yC1¢’C2=*3C2,°C3="+C3s'C4="+C4,s'CS=’
TYPE %, ’Cé=’2C4s’C7=*sC7+'C8=" sCP!'C?- rCPy "DET="»DET
Di=(CS*(9-C4xC8)/DET
D2=(C3%CB-C2%CY) /DET
DI=(C2¥CH-CIXLS)/DET
DA=(C6¥C7-CAXCY?) /DET
DS=(C1%XC9-CI*L7) /DEY
Né={C3*C4-C1xC6) /DET
D7=(C4%C8-C5xC7)/DETY
D8=(C24C7-C12CB) /DET
D9=(C1¥C5-C23C4) /DET
TYPE %9 ’Di=’ !Diy'ﬂ2= !BZ!’D3’ yD3y’Dd=’ s D4y 'DS= ' ¢y DG+ ' [16=" 5 D&
TYPE X9’D7='+D7,'08="sD8y 'D9=" D9 'DET='+DET
?U §{§i5$§2%+L2*B4+L3107)+K2*(LI*DZ+L2*B5+L3IDB)+K3¥(L1¥B3*L2¥Dé
DNEEKlﬁnl -K21tD2-K3#D3+1
TYPE ¥ “NU="sNU» 'BN="+s]N
TYPE ¥ 'Na' N
bo 35 1=1.18
33 X{I)=0.

AHZB=0
?21?3(YHﬁX-YHIN)/(XHAX-XHIN)
: CALL ANINIT
1 CALL WAIT(IM»1,1DS)
A10=SECNDS(0}
CALL thSO(?ré:ICHhH)
- CALL AIN(10,IBOCM}
DO 818 I=1,5
ﬂIR(I)-SHIB*(ICHAN(I) ~XMAX) +YMAX
8146 IF{ABS(AIR(II).LT.0.2) AIR(I)=0

CALL COMNDS

COMND7=0

COMNDB=ANG

COMND9=1,570796327
DISTY=AIR(4)

NI87Z=AIR(3)

R7=COMND7

RE8=COHNDE

RO=CONND?
U7=-K1%X71-K2kX72-K3KX73+NkR7
U8=~K1kX81-K2%X82-KIXXBI+NKRE
Y9=-K12X91-K2KX92-K3XXFItNRY
IF(IBOOH.6T.15000)G0 TO 1241
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1241

79

DO 23 1=1518
X(1)=0
£(12)=D15TA
X71=0

X72=0
X73=0
X81=0
X82=0
X83=0
X91=0

X92=

X93=0

R7=0

R8=0

R9=0

U7=0

UB=0

CALL MDLG
9[- (ATHLIEHIHKT ) X7 1= (ALHLIXH2HK2) §X72- (AOHL1RHIHKZ) KX7IHLIRX (7)+N¥R7

272=(1-L28H1 ) EX71-L2%H23X72-L2KHIXX734L 28X (7)
Z73a-L 3XH18X71 4 (1-L3%H2) ¥X72-L IXHIXAX7IHLIXX(7)
X71=271

§72=Z72

732273
781=—(A24L 1XH1+K1) XXB1~(A1+L1XH24K2) KXB2- (AOHL1RE34K3) EXBI+L1RX(B) +N¥RE
782=(1-L2%H1 ) $XB1-L23H22XB2-L 2%HIXXBIH 2¥X (8)
§g§=igitH1*X91+(1-L3tH2)*X82-L3¥H31X83+L33X(8)
X82=782

¥83=283
791=-(A24L 1XHIHK1 ) RXP1- (AL +L 1BH24K2) kX9 2= (AD+L 1 RHIHKI ) AXTIHL1RX () NXR?

792=(1~L 2¥H1) kX971 -L22H2AXF2-L2XHIXXFI+L2XX (9 )
293=-L3kH1 §X91+(1-LIXH2) kXF2-LIXHIFXPTHL.IX(D)

X21=291
X92=292

X93=293

GG1=SECNDS(A10)
661=661%1000

In=1T-6G1

IF¢(IN.LT.0) GO TD 99

66 TO t

EKSE ¥y /SMALL SANPLE TIME’
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a7

NBIME=X(1}/6,2813B3
X{I)=X({I)-NDIHE®4,283185
AA=SIN(X{7))
BB=5IN(X(8))
CC=SIN(X(2))
Np=COS(X{7))
EE=C0S(X(8))
FF=C0S{ X(?))

K1=EEXFFXX

’"*(FF*BB*AQ-CC#DD)*X(Z)
K3=(FF¥BRXDD{CCIAAYRX(3)
X{13)=K11K24K3

L1=CCREEXX{1)
L2=(CCXBEXAA+FFXDD) $X(2)}
L3=(BBRCCXDD-FF3AAIEX(3)
X(14)=L14L24L3

M1=-BB¥X(1)

H2=EEXAARX(2)

MI=EEXDDRX(3)

X{(15)=H14424N43

(16)=X(4)+(X (S £AA$X{46) ¥DD) KBB/EE
(17)=X{5)XDD-AAEX(8)
(18)=(X{5)*AA+X(4)¥DD) /EE
RITE(S: XX (X(1)»I=7412)

ETURN

X
X
X
W
R
END
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